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Chapter 1 Introduction 
1.1 Background 
1.1.1 Optical devices - UV-LEDs 
Ultraviolet light emitting diodes (UV-LEDs) are expected to be used in a wide variety of 
applications as illustrated in Fig. 1.1. UV-LEDs can be used for wide range applications 
including white light illumination1.1, microorganism disinfection1.2, pollutants removal1.3, skin 
curing1.4, vitamin D generation1.5, antioxidant enrichment1.6, and virus suppression1.7. UV-LED 
is expected to have higher quantum efficiency as the technology continues to advance. Recently, 
aluminum gallium nitride (AlGaN)-based UV-LED is being developed because of its bandgap 
range from 3.4 eV for GaN to 6.0 eV1 for AlN for wide range of applications. Moreover, AlGaN 
offers high external quantum-efficiency and is environmental friendly material (no hazardous 
components). Thus, AlGaN is promising material for UV-LED as optical device. Aluminium 
nitride (AlN) is a good candidate for a substrate of AlGaN-based UV-LED owing to its wide 
bandgap (above 6 eV)1.8, UV transparency1.9, and close lattice constant with that of AlGaN.1.10 
AlGaN UV-LED can be fabricated by depositing AlGaN on AlN film on sapphire1.11 or directly 
on AlN bulk1.12 (see fig. 1.2). Fabricating AlGaN UV-LED by depositing AlGaN on AlN film 
on sapphire may lead to low cost. Depositing AlN film on a sapphire substrate has been 
fabricated by several methods, such as metal-organic vapour-phase epitaxy (MOVPE)1.13,1.14, 
hydride vapour phase epitaxy (HVPE)1.15,1.16, pulsed laser deposition (PLD)1.17,1.18, molecular 
beam epitaxy (MBE) 1.19,1.20, or sputtering1.21,1.22. However, the crystalline quality of AlN film 
on the sapphire substrate is often low owing to a large lattice misfit between AlN and sapphire. 
On the other hand, high crystalline quality of AlN leads to high external quantum efficiency of 
AlGaN-based UV-LED.1.12 Thus, improving crystalline quality of AlN film is important for 
good AlGaN UV-LED performance. The performance of AlGaN UV-LED also improved by 
depositing AlGaN on AlN bulk owing to high crystalline quality of AlGaN on AlN bulk 
because of close lattice constants between AlGaN and AlN bulk. 1.12 The AlN bulk crystal has 
been mostly grown through physical vapour transport (PVT)1.23,1.24 and HVPE1.25,1.26. The PVT 
technique enables AlN bulk crystal growth with high AlN growth rate.1.27,1.28 However, the 
PVT technique requires a high growth temperature of approximately 2373 K, which can 
generate cracks or thermal etch pits owing to high tensile residual stress exist in AlN.1.29,1.30 On 
the other hand, HVPE technique requires PVT-AlN substrates to obtain high crystalline quality 
AlN. Therefore, it seems no further developments can be made in the common AlN fabrication 
technologies. Lowering the temperature of AlN bulk manufacturing process is important to 
achieve high crystalline quality of AlN with low tensile residual stress to prevent cracks or 
thermal etch pits. Thus, the high-crystalline quality of AlN stress can be obtained from 2 
approaches: improving the crystalline quality of AlN film on sapphire substrate or lowering the 




Fig. 1.1 Wide range applications of UV-LED. 
 
 
Fig. 1.2 AlGaN UV-LED can fabricated by depositing AlGaN on AlN film on Sapphire or directly on 
AlN bulk. 
 
1.1.2 Power devices - GaN HEMT 
A high-electron-mobility transistor (HEMT), is a field-effect transistor incorporating a junction 
between two materials with different band gaps. In GaN HEMT case, the material combination 
is GaN with AlGaN (see Fig. 1.3 GaN HEMT) are recently widely used in many fields such as 
solar and wind turbine inverter1.31, Inverter and DC-DC converter in the future Japan AGV 
car1.32, amplifier in military radar1.33, and amplifier for LTE (4G)1.34 as illustrated in Fig. 1.4. 
GaN HEMT has advantage for high power and high frequency compared to other devices such 
as SiC metal–semiconductor field-effect transistor (MESFET) or GaAs HEMT (see Fig. 3). 
The typical GaN HEMT structure on Si and AlGaN HEMT on AlN bulk are shown in Fig. 2. 
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AlN film is often used as a buffer layer in GaN HEMT structure to improve GaN crystalline 
quality that leads to high electron mobility of two-dimensional electron gas (2DEG) for fast 
switching.1.35 To meet the high demand of high power, high frequency, and fast switching 
power device, the next generation of GaN HEMT is expected. High breakdown voltage and 
low resistance is required for high power, high frequency, and fast switching power device. 
The breakdown voltage and resistance of some semiconductor materials is summarized in 
Baliga figure of merit (BFOM) in Fig. 1.5. “Baliga figure of merit (BFOM) is defined as 
VBR/RON-SP. Here, VBR is the breakdown voltage (maximum voltage the switch can block when 
off), and RON-SP is the specific on-resistance (inverse of conductance per area when on).”
1.36 
The bottom-right-corner of BFOM indicated the improving performance of material. From that 
figure, AlN bulk is expected to be the future material as substrate for AlGaN HEMT for next 
generation of high power, high frequency, and fast switching power device. In addition, AlN 
is good candidate substrate for AlGaN HEMT owing to its close lattice constant with AlGaN. 
As mentioned before in this subsection, improving the crystalline quality may lead to high 
electron mobility of two-dimensional electron gas (2DEG) for fast switching.1.35 Therefore, 
high crystalline quality AlN bulk fabrication method is required to produce AlN bulk substrate 
for AlGaN HEMT. As mentioned in the subsection 1.1.1 optical devices – UV LEDs, the 
common AlN bulk fabrication method, PVT technique, requires a high growth temperature of 
approximately 2473 K, which can generate cracks or thermal etch pits owing to high tensile 
residual stress exist in AlN.1.29,1.30 Accordingly, low the temperature of AlN bulk 
manufacturing process is important to achieve high crystalline quality of AlN with low tensile 
residual stress to prevent cracks or thermal etch pits. Thus, the high-crystalline quality of AlN 
can be obtained by low temperature processing of AlN bulk fabrication method. 
 
 
Fig. 1.3 Typical structure of GaN HEMT on Si and AlGaN HEMT on AlN bulk. 
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Fig. 1.4 Wide range applications of GaN HEMT. 
 
Fig. 1.5 Wide range applications of UV-LED. 
1.2 AlN Properties 
The crystal structure of AlN is wurtzite. Fig. 1.6 shows the schematic of an AlN crystal 
structure showing a-plane and c-plane of AlN and lattice constant a and c. There are two 
different kind of polarity of AlN crystal structure. One is N-polar and the other is Al-polar. 
Figure 1.7 shows the schematic of two different kind of polarity of AlN. The N-polar can be 
seen with nitrogen atom below the aluminum atom. In contrast, the Al-polar is shown with 
aluminum atom just below the nitrogen atom. N-polar AlN has high charge carriers as in 
(Al)GaN/AlN HEMT structure which is advantageous for fast switching power device. 1.37 On 




Fig. 1.6 Schematic of an AlN crystal structure showing a-plane and c-plane of AlN. 
N-polar Al-polar 
High charge carriers  Smooth Surface 




Fig. 1.7 AlN Polarity. 
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In our laboratory, the “sapphire nitridation” method has been developed to obtain AlN on 
sapphire.1.40 The nitrided sapphire has high crystalline quality of AlN and N-polarity. However, 
the thickness is only about 10 nm. To obtain thick AlN film, high growth rate of Al-polar AlN 
is needed. Thus, the polarity inversion of N-polar AlN after sapphire nitridation method is 
attempted in chapter 2. Moreover, the high crystalline quality and polarity of AlN film on the 
sapphire substrates is important for improving device performance. Aluminum polar AlN film 
is necessary to obtain a smooth surface1.41 AlN for substrate of heteroepitaxial growth of 
AlGaN. Therefore, various methods have been attempted to control the polarity of the AlN 
film on the sapphire substrate1.42–1.44, including modifying the initial growth conditions such 
as using very low V/III ratio, Al-source/N source pulsed flow, or Al-source pre-flow in the 
metal organic vapor phase epitaxy (MOVPE) method. The polarity inversion of AlN was also 
done by varying the oxygen partial pressure in liquid phase epitatxy (LPE) method1.45. In case 
of GaN film, the polarity control is done by inserting an interlayer of composite AlN/aluminum 
oxide (AlOx) or MgxNy on an N-polar GaN film using MBE method1.46–1.48. The polarity 
inversion technique which is simple and applicable for sputtering technique is by varying the 
oxygen partial pressure of the mixture gases.  
 Some physical and thermodynamic properties of AlN together with other semiconductor 
materials are shown in table 1. Aluminium nitride (AlN) has wide bandgap (6 eV) and close 
lattice constant with that of AlGaN. Thus, it is a good candidate for a substrate of AlGaN-
based UV-LED. Moreover, as discussed in subsection 1.1.2 Power device - GaN HEMT, AlN 
located in the bottom-right-corner of BFOM and has high BFOM relative to Si value. For this 
reason, AlN is the next generation of GaN HEMT. Therefore, the development of low-cost, 
high-quality AlN fabrication method of is important. The common AlN fabrication methods 
will be reviewed in next subsections to approach the development of low-cost, high-quality 
AlN fabrication methods. 
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Table 1.1 Some physical and thermodynamic properties of AlN together with other 
semiconductor materials. 
  
1.3 Fabrication Methods of AlN Film on Sapphire 
1.3.1 Metal-Organic Vapour-Phase Epitaxy (MOVPE) 
In the MOVPE, AlN is produced by reacting of the precursors, typically trimethylaluminum 
(TMAl) and ammonia on a heated substrate, following the reaction: 
Al(CH3)3 + NH3 → AlN + 3CH4 
The reaction at high temperature of 1423–1573 K1.49–1.51 can induce a parasitic reaction that 
result a complex gas phase such as Al(CH3)2•NH2 and inhibit the AlN crystallization resulting 
low AlN growth rate.1.52 The range of the AlN growth rate of MOVPE method is 0.06-0.4 
µm/h.1.49–1.51 The screw dislocation density is 4.9×107–1.3×1010 cm−2 1.49–1.51 and the edge 
dislocation density is 9×109–1.3×1010 cm−2.1.49–1.51 
The critical issue of heteroepitaxial growth is high dislocation density often unintentionally 
generated owing to lattice mismatch between sapphire substrate and AlN. As mentioned by 
Susilo et al.1.22, high screw and edge dislocation densities above 1×109 cm2 is not sufficient for 
UVC-LEDs because of low external quantum efficiencies (EQE). Thus, many efforts have 
been accomplished to reduce the dislocation densities in MOVPE-AlN, including 2-
dimensional growth mode (7×108 cm-2 for screw dislocation and 2×109 cm-2 for edge 
dislocation)1.53, modified Migration-enhanced epitaxy (MEE)1.54 with estimated screw 
dislocation density of 4.0×106 cm−2  and edge dislocation density of 5.0×107 cm−2, epitaxial 
lateral overgrowth (ELO) by using patterned AlN as a template (8.0×107 cm−2 for screw 
dislocation and 1.2×108 cm-2 for edge dislocation)1.55, NH3 pulse-flow growth (the screw and 
edge dislocation densities of AlN layer were 3.8×107 cm-2 and 7.5×108 cm-2)1.56, and annealing 





  Si SiC GaN AlN
Bandgap energy, E g (eV) 1.1 3.3 3.4 6.0
Breakdown field, E c (MV cm
-1
) 0.3 3 4 15
Lattice constant, a  (nm) 0.5430 0.3080 0.3189 0.3111




) 1.4 3.7 1.3 3.4
Thermal coefficient along  a -axis, α (10-6 K) 3.6 4.3 6.2 6.9
Baliga figure of merit (BFOM) relative to Si 1 73 180 1250
11 
1.3.2 Hydride Vapour Phase Epitaxy (HVPE) 
In HVPE, AlN is fabricated by reacting the AlCl3 and ammonia precursors on a heated sapphire 
substrate at high temperature of 1723 - 1773 K, following the reaction: 
AlCl3 + NH3 → AlN + 3HCl 
The AlN Growth rate is around 10-20 µm/h.1.58,1.59 The screw dislocation density is 4.9×107–
1.2×1011 cm−2 1.58,1.59 and the edge dislocation density is 5.7×108–1.6×1011 cm−2. 1.58,1.59 
 
1.3.3 Pulsed Laser Deposition (PLD) 
In this growth technique, the AlN film is grown either by the direct laser ablation of an AlN 
target with a laser beam using a nitrogen plasma, following reaction: 
AlN → AIN 
PLD often conducted at low AlN growth temperature of around 773–1173K.1.60,1.61 However, 
the AlN growth rate is quite low of 0.1 µm/h.1.61 The screw dislocation density is 1.5×1010–
8.1×1010 cm−2 1.60,1.61 and the edge dislocation density is 3.0×1010–1.2×1011 cm−2. 1.60,1.61 
 
1.3.4 Sputtering 
In sputtering method, AlN is fabricated by nitridation reaction of sputtered Al atom in Ar-
nitrogen mixture gas just before deposition on the heated sapphire substrate, following 
reaction: 
Al + 1/2N2 → AIN 
The growth temperature is in the range of 573 and 823 K.1.62–1.66 The growth rate using RF 
power is 0.5–2.9 µm/h1.62,1.63, using DC power is 1.5 µm/h1.64, using pulsed DC power is 0.3–
5 µm/h.1.65,1.66 The screw dislocation density and the edge dislocation density using RF power 
are 4.9×107–2.8×108 cm−2 1.62,1.63 and 4.9×109 cm−2 1.62,1.63, using DC power are 4.9×108 cm−2 
1.64 and 1.6×1010 cm−2 1.64, using pulsed DC power are 5.2×108–7.0×109 cm−2 1.65,1.66 and 
1.5×1010–4.0×1010 cm−2.1.65,1.66  
DC or RF reactive sputtering is commonly used to deposit AlN on the substrate due to its high 
reproducibility, low cost, and simplicity. However, sputtering with DC power source can cause 
arcing (abnormal electric discharge) which can poison the target and damage both the target 
and deposited film. On the other hand, sputtering with RF power source takes longer time to 
deposit AlN due to the lower deposition rate. The pulsed DC reactive sputtering suppresses the 
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arcing with interrupting the negative voltage in cathode (Al taget) so the fully dense film can 
be obtained.  
Recently, annealing techniques have been demonstrated to improve the crystalline quality of 
AlN films. During the annealing, the columnarstructure AlN films coalesced and the domain 
boundaries annihilated. Thus, crystallinity of the AlN films improved.1.67 
 
1.3.5 Molecular Beam Epitaxy (MBE) 
In MBE, the Al atom and nitrogen gas (from the dissociation of ammonia precursor) are 
introduced from effusion cells to the heated substrate at 873-1273 K1.68 following reaction: 
Al + 1/2N2 → AIN 
The AlN growth rate is 0.1–0.31.68,1.69 The screw dislocation density is 1.5×1010–2.5×1010 
cm−2 1.68 and the edge dislocation density is 10×1010–20×1010 cm−2.1.68 
1.3.6 Liquid Phase Epitaxy (LPE) 
In LPE, the AlN film is grown on sapphire substrate from the dissolved nitrogen and Al melt 
in the flux system for example Ga-Al solution1.70 or Al-Sn flux1.71, following reaction: 
Al + 1/2N2 → AIN 
The AlN growth temperature range from 1273–1573 K.1.70,1.71 The AlN growth rate is 0.2 
µm/h.1.70 The screw dislocation density is 4.9×107 cm−2 1.70 and the edge dislocation density is 




1.3.7 Comparison of Fabrication Methods of AlN Film on 
Sapphire  
Table 1.2 Comparison of fabrication methods of AlN film on sapphire. 
 
Table 1.2. summarize the AlN fabrication methods of AlN film on sapphire substrate. The 
critical issue of heteroepitaxial growth is high screw and edge dislocation densities often 
unintentionally generated owing to lattice mismatch between sapphire substrate and AlN. 
However, for the application of UVC-LEDs, low dislocation densities in AlN below 1×109 
cm2 are required for high external quantum efficiencies (EQE) of UVC-LEDs.1.22 Moreover, 
the large different of thermal expansion coefficients along the a-axis of AlN (5.3×10−6 K−1) 
and sapphire (7.3×10−6 K−1)1.72 led to the excessive compressive stress and peeling off or 
exfoliation of the AlN during substrate cooling when fabricating AlN at high temperature. The 
compressive stress in AlN generated because the sapphire substrates tended to shrink more 
than the AlN during substrate cooling. Thus, low growth temperature is desirable to prevent 
peeling off or exfoliation of AlN. Among fabrication methods of AlN film on sapphire, 
sputtering is advantageous because it is often accomplished at low temperatures. In the term 
of AlN growth rate, MOVPE, PLD, MBE and LPE methods have low AlN growth rates. HVPE 
method offer high AlN growth rate. However, it requires high AlN growth temperature of 1773 
K and hazardous AlCl3 precursors. From point of view of simplicity, sputtering, MBE and LPE 
offer simple starting materials of Al and nitrogen gas. However, the AlN growth rates of MBE 
and LPE methods are low. Sputtering offers a low AlN growth temperature, simple, and 
environmentally friendly for AlN film on sapphire fabrication methods owing to its low 
temperature (823 K) and requirement of no hazardous chemicals (only Al and nitrogen). In 
sputtering, RF reactive sputtering has low AlN growth rate. DC reactive sputtering offer higher 
AlN growth rate than that using RF reactive sputtering. However, in DC reactive sputtering, 
arcing (abnormal electric discharge) often occurs and leads to low AlN growth rate. Pulsed DC 
reactive sputtering offer high AlN growth rate (3.6 µm/h can be achieved) among the sputtering 
techniques. However, the improvement of crystalline qualities of AlN is still required in pulsed 
DC reactive sputtering technique. For those reasons, the pulsed DC reactive sputtering method 
is being studied in chapter 2.  
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1.4 Fabrication Methods of AlN bulk crystal 
1.4.1 Physical Vapour Transport (PVT) 
Using PVT method, AlN is fabricated by sublimation of AlN crystal source (obtained by 
multiple sublimation recrystallization or sintered of AlN powder) and recrystallization at AlN 
seed in a nitrogen atmosphere, following reaction: 
Al + 1/2N2 → AIN 
The growth temperature is around 2273–2523 K.1.73,1.74 The AlN growth rate is 150–200 μm 
h−11.73,1.74 
 
1.4.2 Hydride Vapour Phase Epitaxy (HVPE) 
In HVPE, AlN is fabricated by reacting the AlCl3 and ammonia precursors on a heated substrate, 
following the reaction: 
AlCl3 + NH3 → AlN + 3HCl 
AlN film fabricated on sapphire at high temperature of 1373 - 1773 K.1.75 The AlN Growth rate 




1.4.3 Other Fabrication Methods of AlN Bulk 
The PVT technique requires a high growth temperature of approximately 2473 K, which 
consumes a lot of energy and can be expensive. By lowering the growth temperature, high-
quality AlN can be achieved with a reasonable cost. The HVPE technique is usually conducted 
at a temperature below that of the PVT. However, the HVPE technique requires high-quality 
PVT-AlN substrates to obtain a low threading dislocation density. Thus, it seems that no further 
developments can be made in the common AlN fabrication technologies. Some efforts to 
develop AlN bulk method are including the ammonothermal method1.76. pyrolytic 
transportation method1.77, Al2O3–ZrO2 nitridation
1.78. In ammonothermal method1.76, AlN is 
fabricated on the GaN seeds in alkaline conditions with potassium azide (KN3) as the 
mineralizer at temperature of 823 K. The AlN growth rate is 5–50 µm/h. In the pyrolytic 
transportation method1.77, α-Al2O3 is used as an Al-source material, and it is heated at 2223 K 
to form Al2O gas in the nitrogen gas flow. The Al2O gas is transported to the growth zone to 
react with nitrogen gas at 2023 K on a sintered AlN plate for 30 h, which yields a rod-like AlN 
crystal (48-mm long). In Al2O3–ZrO2 nitridation
1.78, the millimeter-sized AlN crystal were 
successfully grown from the ZrO2-containing sintered Al2O3 only at temperatures ranging from 
2223 to 2323 K. Therefore, the development of novel AlN bulk fabrication method for low cost 
and high crystalline AlN bulk is still in the early stage. Here, we tried to approach the low cost 
and high crystalline AlN bulk fabrication method by simple and easy Al/GaN substitution 
reaction method. In this method, an Al layer deposited on a GaN substrate is used as a precursor, 
and AlN is obtained by the interfacial reaction between Al and GaN. The details are given in 
chapter 3 substitution reaction experiment. 
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1.5 Objectives and Novelty of Research 
1.5.1 Pulsed DC Reactive Sputtering Method forming AlN film on 
sapphire 
Compare to AlN fabrication methods (MOVPE for instance), pulsed DC reactive sputtering 
offer low AlN growth temperature, high growth rate, and simple Al and nitrogen starting 
materials. 10 nm-thick N-polar AlN has been obtained by “sapphire nitridation”1.40 method in 
our laboratory. However, Al-polar AlN has high growth rate and smooth surface. The 
motivation of this study are to obtain the Al-polar AlN which has high AlN growth rate by 
pulsed DC reactive sputtering by polarity inversion of the N-polar AlN from “sapphire 
nitridation”1.40 method developed in our laboratory. In RF sputtering method studied by 
Vashaei et al., the crystalline quality of AlN increased as nitrogen concentration increases.1.79 
However, to our best knowledge, the effect of the oxygen partial pressure on the crystalline 
quality of AlN films in pulsed DC reactive sputtering technique has not been known yet. The 
other motivation is to improve the crystalline quality of AlN by modification of oxygen partial 
pressure. The objectives of this paper are investigate the effect of oxygen partial pressure on 
the polarity and crystalline quality of AlN films deposited by pulsed DC reactive sputtering.  
1.5.2 Substitution method forming AlN bulk crystal 
PVT method that usually conducted around 2373 K that may generate cracks and thermal etch 
pits owing to high tensile residual stress exist in AlN caused by thermal expansion coefficient 
different between AlN and Si substrate.1.29,1.30 Compare to PVT method, substitution method 
offers low AlN growth temperature at near 1573 K (800 K different with that of PVT method), 
simple (no need AlN source preparation at high temperature as in PVT method), and easy 
process (only pulsed DC reactive sputtering for Al deposition on GaN substrate at 298 K and 
heat treatment). The motivation of this study is to develop low temperature AlN bulk 
fabrication method to obtain high crystalline quality AlN with low residual tensile stress to 
prevent cracks and thermal etch pits. The other motivation is to easily fabricate a scarce and 
difficult process of AlN using mature, well developed and commercially available GaN 
substrate. To obtain thick AlN film, long holding time is needed. The effect of temperature and 
holding time of heat treatment in substitution reaction are still unknown.  The objective of this 
study is to investigate the effect of temperature and holding time of heat treatment in 
substitution reaction method on the residual tensile stress and crystalline quality of the AlN. 
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Chapter 2 Pulsed DC Reactive Sputtering  
2.1 Introduction 
 
Because of nitridation in the DC reactive sputtering process, some AlN deposit on the Al 
target. The AlN is not conductive and has high resistance. Thus, abnormal electrical discharge 
(arcing) occurs. The AlN on Al target is ejected and can damage the film. Therefore, the arcing 
can damage the AlN film, damage the Al target, damage the DC power system, and resulting 
low deposition rate of AlN. In pulsed DC sputtering, the arcing is suppressed by interrupting 
the negative voltage and momentarily applying positive voltage. Thus the advantage of pulsed 
DC sputtering including resulting dense AlN film, no damage to the Al target, no damage to 
DC power system, and resulting high deposition of AlN. 
There are two different kind of polarity of AlN crystal structure. One is N-polar and the 
other is Al-polar. Figure 5 shows the schematic of two different kind of polarity of AlN. The 
N-polar can be seen with nitrogen atom below the aluminum atom. In contrast, the Al-polar is 
shown with aluminum atom just below the nitrogen atom. N-polar AlN has high charge carriers 
as in (Al)GaN/AlN HEMT structure which is advantageous for fast switching power device.2.1 




High charge carriers  Smooth Surface 
 High growth rate 
 
 
Fig. 5 AlN Polarity. 
In our laboratory, the “sapphire nitridation” method has been developed to obtain AlN on 
sapphire.2.4 The nitrided sapphire has high crystalline quality of AlN and N-polarity. However, 
the thickness is only about 10 nm. Thicker AlN film is desirable to develop low-cost AlN 
fabrication method. Therefore, high growth rate of Al-polar AlN is needed. Thus, the polarity 
inversion of N-polar AlN after sapphire nitridation method is attempted in this study. Moreover, 
the high crystalline quality and polarity of AlN film on the sapphire substrates is important for 
improving device performance. Aluminum polar AlN film is necessary to obtain a smooth 
surface.2.5 Therefore, various methods have been attempted to control the polarity of the AlN 
film on the sapphire substrate2.6–2.8, including modifying the initial growth conditions such as 
using very low V/III ratio, Al-source/N source pulsed flow, or Al-source pre-flow in the metal 
organic vapor phase epitaxy (MOVPE) method. The polarity inversion of AlN was also done 
by varying the oxygen partial pressure in liquid phase epitatxy (LPE) method2.9. In case of 
GaN film, the polarity control is done by inserting an interlayer of composite AlN/aluminum 
oxide (AlOx) or MgxNy on an N-polar GaN film using MBE method2.10–2.12. The polarity 
inversion technique which is simple and applicable for sputtering technique is by varying the 




In sputtering, when applying negative charge in the cathode (Al target), the electron moves fast 
to the anode (substrate) inside the sputtering chamber. The electron reacts with Ar atom during 
its movement resulting Ar+ and e- radii. The Ar+ then strikes Al target which is charged 
negatively resulting Al sputtered atom. In the other hand, e- was trapped in an electromagnetic 
field by magnetron and react with another Ar atom. The Al sputtered atom then react with 
nitrogen gas forming AlN following the nitridation reaction, Al + 1/2N2 → AIN just before 
deposited on the substrate in reactive sputtering. As explained in the introduction of chapter 2, 
pulsed DC power was used because of its advantageous compared to DC power for the reactive 
sputtering in this study. 
2.3 Experimental  
2.3.1 Materials 
 
Fig. 1 Schematic of experimental step. 
Figure 5 shows the shcematic of experimental step. An a-plane sapphire was nitrided with a 
"sapphire nitridation method"2.4 devlopeod in our laboratory. This nitrided a-plane sapphire 
has thin layer of AlN with nitrogen (c-)-polar AlN. The polarity then inversed with oxygen 
addition during reactive sputtering using pulsed dc power source. After sputtering, the film 
was annealed. The c-planes sapphire was also used. 
2.3.2 Sputtering condition  
AlN film was deposited reactively on the nitrided a-plane sapphire using magnetron sputtering 
(Shimadzu, HSR552) equipped with pulsed DC power source (Advanced Energy, Pinnacle 
Plus +10 kW) in Ar-50 vol% N2 gas. A 99.999 mass% Al target (diameter: 101.6 mm) with 60 
mm target-substrate distance was used. The a-plane sapphire substrates (diameter: 50.8 mm) 
was nitrided at 1873 K for 3 h in an N2–10 vol% CO gas mixture in a graphite resistance 
furnace. The nitrided sapphire with high crystalline quality of AlN thin layer (thickness around 
10 nm) was used as the substrate2.13. The growth temperature (GT) and the power of sputtering 
were kept at 823 K and 600 W.  The sputtering time was 33 min. The total pressure (Ptotal) was 
set at 0.6 Pa.   
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Table 1 Oxygen partial pressure variation in Ar-50 vol% N2 mixture gases at Ptotal of 10
5 Pa. 







 Table 2 shows the oxygen partial pressure (PO2) variation at Ptotal of 10
5 Pa. A square-wave 
pulsed DC source was used with a frequency of 100 kHz and the duty cycle of 60 %. The 
measurement of thickness, surface morphology, polarity, crystalline quality, etc. of the AlN 
films were evaluated around the center part of it.  
 
2.3.3 Characterization 
2.3.3.1 Phase identification, lattice constant, crystalline quality by XRD 
An X-ray diffractometer (XRD; Bruker, D-8 Discover MR) with Cu-Kα radiation was used 
to identify the crystalline orientation, phase (2θ–ω scan) and crystalline quality (XRC-FWHM) 
of the films. The X-ray diffractometer contains a monochromator with 2 Ge (400) crystals and 
an analyzer consisting of a single-bounce Ge (220) crystal. A voltage of 40 kV and a current 
of 40 mA of X-ray tube were used in XRD measurements. The step size was 0.05° during the 
2θ–ω scan. θ is the angle between the incident X-rays and the scattering planes. ω is the angle 
between the incident X-ray beam and the sample surface. The XRC-FWHM values of (0002) 
and (10-12) of AlN indicate the c-axis directional (tilt component) and the in-plane rotational 
distributions (twist component) of the crystal grains of the sputtered AlN films, respectively. 
The lattice constants a and c of the sputtered AlN films were calculated using a θ of the (10–
12) and (0002) of the AlN from 2θ-ω scan of XRD measurement according to Bragg’s law as 
shown in Eq. (1)2.14: 
nλ = 2dsinθ   (1) 
where n is a positive integer, λ  is the wavelength of the X-rays, and d is a distance of the 
atomic layer in a crystal. For AlN with wurtzite structure (hexagonal crystal), the spacing d 









  (2) 
The AlN film was tilted to χ = 42.73° to estimate the AlN (10–12) diffraction peak position 
in the 2θ-ω scan in order to obtain the lattice constant a. Where χ is the angle of rotation of the 
plane normal to that containing 2θ and ω about the axis of the incident X-ray beam. 
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2.3.3.2 Surface morphology by SEM, Laser microscope, AFM 
The surface morphologies of these films were observed using a scanning electron 
microscope (SEM; JEOL JCM-5700), laser microscope (Keyence, UK-9500), and atomic force 
microscope (AFM, SII, L-trace II). 
 
2.3.3.3 Cross-sectional observation by SEM, TEM 
The thickness of the films where measured from the cross-sectional images of the sputtered 
AlN films which observed by using a scanning electron microscope (SEM; JEOL JCM-5700).  
The dislocation was observed using transmission electron microscope (TEM; Hitachi High-
Technologies, H-9000NAR). The observation was done using acceleration voltage of 300 kV 
with magnification accuracy: ± 5%. 
 
2.3.3.4 Impurity analysis by SIMS 
The oxygen and carbon concentrations in the AlN film were quantitatively analyzed using a 
time-of-flight secondary ion mass spectrometer (TOF-SIMS; ION-TOF GmbH, TOF-SIMS 5). 
The depth profile of each impurity was measured using the Bi+ primary ion beam with a 
primary accelerating voltage of 25.0 kV.  
2.3.3.5 Polarity determination by KOH Etching  
The wet etching was done using 0.8 mol/L KOH as an etchant at 313 K in 30 s to determine 
the polarity of AlN films. 
2.3.4 Annealing condition 
A graphite resistance furnace was used for the annealing experiment. The sapphire substrates 
having AlN layers were set horizontally in a homogeneous temperature area inside the chamber. 
The chamber was evacuated before annealing the substrates. After that, a N2 – CO gas mixture 
was introduced into the chamber, and the substrate was annealed for 1 h at various temperature 
from 1773-1973 K. The annealing condition for each temperature is shown in Table 3  below. 
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Table 2 Annealing condition of AlN buffer on sapphire using N2–CO gas mixture2.4. 
Annealing temperature 
(K) 
Partial pressure (atm) 
N2 CO 
1773 0.9 0.1 
1873 0.8 0.2 
1923 0.7 0.3 
1973 0.6 0.4 
 
The flow rate of the gas mixture was 2.0 L/min during the annealing. In order to prevent 
delamination of the AlN layer, the partial pressure of N2 was fixed to 5–15% rich of the phase 
equilibrium condition of AlN+C and Al2O3+C (Fig. 6).  
 
Fig. 2  Phase equilibrium diagram of AlN+C and Al2O3+C under the condition of aC =1 and 
pN2+pCO=1. Here, pi is the activity of the gas species i relative to 1bar (10
5Pa).aC is the carbon 
activity relative to pure graphite at 1 bar. dash-dot lines: pN2, red dash lines: pAl, blue dash 
lines: pAl2O, red circle: annealing condition with 5–15% rich N2 at 1700 °C. 
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2.4 Results  
2.4.1 Effect of oxygen addition on polarity and residual stress of 
AlN films 
2.4.1.1 Growth rate of AlN 
The thicknesses of the sputtered AlN films were measured using cross-sectional SEM images. 
Figure 7 shows a typical cross-sectional SEM image of an AlN film sputtered at oxygen partial 
pressure of 9.4×103 Pa on the nitrided a-plane sapphire. All growth rates were calculated in the 
direction normal to the substrate surface.  
 
Fig. 3 Cross-sectional SEM image of the sputtered AlN film on a nitrided a-plane sapphire at oxygen 
partial pressure of 9.4×103 Pa. 
The dependence of the growth rate of the sputtered AlN films on the oxygen partial pressure is 
shown in Figure 8. The growth rate of the sputtered AlN films almost constant with increasing 
oxygen partial pressure. The growth rate of the sputtered AlN film at 9.4×103 Pa by pulsed DC 
power of 600 W was 2.42 μ/h and independent with oxygen partial pressure. 
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Fig. 4 Growth rate of the sputtered AlN films at various oxygen partial pressures. 
 
2.4.1.2 Surface morphology of AlN 
Figure 9 shows the surface morphology of the AlN films. The nitrided sapphire had AlN island 
on the surface, indicating an AlN island (3-dimensional growth AlN) occurred. The AlN films 
sputtered at low oxygen partial pressures of 5.0×10-10, 5.5×10-3 and 5.0×100 Pa also had the 
same characteristic on the surface due to bad crystalline quality. 
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Fig. 5 Surface images of the nitrided sapphire and the sputtered AlN films at various oxygen partial 
pressures obtained by using a laser microscope. 
 
AFM images of the AlN films are shown in Fig. 10. The nitrided sapphire had different yellow 
color on the surface, indicating an AlN island (3-dimensional growth AlN) occurred. The AlN 
films sputtered at low oxygen partial pressures of 5.0×10-10, 5.5×10-3 and 5.0×100 Pa also had 
the same characteristic on the surface. On the other hand, the AlN films sputtered at high 
oxygen partial pressures of 5.6×102 and 9.4×103 Pa had monochrome color, which becomes 
independent from the surface morphology of the nitrided sapphire. The root mean-square 
(RMS) surface roughness of each film is also shown in the lower left corner. The value slightly 
changed with increasing the oxygen partial pressure. The 3-dimensional AFM images were 
shown as well above 2-dimensional images. The height of AlN island was about several nm. 
The 3-dimensional AFM images confirm the 3-dimensional growth AlN when sputtered at 
oxygen partial pressure of 5.0×10-10, 5.5×10-3 and 5×100 Pa. The 2-dimensional growth AlN 
was also confirmed when sputtered at oxygen partial pressure of 5.6×102 and 9.4×103 Pa. The 




Fig. 6 AFM images of the nitrided sapphire and the AlN films sputtered at various oxygen partial 
pressure. 
2.4.1.3 Polarity of AlN 
Figure 11 shows the surface images of AlN films sputtered at various oxygen partial pressures 
before and after etching with KOH aqueous solution. The surface images of AlN films 
sputtered at 5×10-10 - 5.6×102 Pa changed dramatically. There are some pits (point defects) and 
lines (surface damage) appeared on the surface and the surface became rougher. It indicates 
that the AlN layer was unstable owing to the surface of AlN layer had been easily attacked and 
reacted with KOH aqueous solution. Thus, AlN films sputtered at 5.0×10-10 - 5.6×102 Pa have 
nitrogen (-c)-polarity. On the other hand, the AlN film sputtered at oxygen partial pressure of 
9.4×103 Pa has aluminum (+c)-polarity because the surface image after etching with KOH 
aqueous solution is almost similar with the surface image of AlN sputtered film before etching, 
indicating the AlN layer was stable. 
 
Fig. 7 Surface images of sputtered AlN films at various oxygen partial pressures before and after 
etching with KOH. 
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2.4.1.4 Crystalline orientation of AlN 
Figure 12 shows the XRD 2θ–ω scan profiles of the AlN films deposited on the nitrided a-
plane sapphire substrates with various oxygen partial pressures. There are diffraction peaks of 
(11–20) and (22–40) of Al2O3 which are expected came from the a-plane sapphire substrate.  
The other peaks are AlN (0002) and (0004) reflection peaks. These XRD 2θ–ω scan profiles 
reveal that c-axis-oriented AlN films were successfully grown on the nitrided a-plane sapphire. 
No peaks correspond to pure Al metal nor another Al2O3 peaks were observed except Al2O3 
(11–20) and (22–40). These indicate that the AlN films were successfully deposited on the 
substrate using pulsed DC reactive sputtering at all of oxygen partial pressures. The peak 
positions of AlN bulk (0002) at 2θ of 36.0° and (0004) at 2θ of 76.4° reflections are shown by 
dash lines in Fig. 8 to compare with AlN bulk value. The peaks of sputtered AlN films shifted 
toward lower angles with increasing oxygen partial pressure. It indicates that the lattice 
constant c of AlN sputtered films was increase with increasing oxygen partial pressure.  AlN 
film sputtered at the highest oxygen partial pressure of 9.4×103 Pa has AlN (0002) peak broader 
than that of AlN films sputtered at lower oxygen partial pressures.  
 





2.4.1.5 Lattice constant of AlN 
The lattice constants a and c of the AlN films sputtered at various oxygen partial pressures are 
shown in Fig. 13. The lattice constant a and c values of the AlN bulk2.15 and nitrided a-plane 
sapphire are shown with dash-dot and dash lines, respectively. The lattice constant c of the 
sputtered AlN films was constant with increase of oxygen partial pressure until 5.6×102 Pa and 
abruptly increased at oxygen partial pressure of 9.4×103 Pa.  
 
Fig. 9 Lattice constants a and c of sputtered AlN films deposited at various oxygen partial pressures. 
Dash-dot and dash lines show lattice constant a and c values of an AlN bulk and the nitrided a-plane 
sapphire. 
 
Figure 14 shows the unit-cell volume of the hexagonal prism structure of the AlN films 
sputtered at various oxygen partial pressures and calculated using the lattice constants a and c. 
The dash-dotted line in Fig. 10 shows the volume of the AlN bulk calculated using the lattice 




Fig. 10 Unit cell volume of AlN films sputtered at various oxygen partial pressures. Dash-dot lines is 
the unit cell volume of the AlN bulk. 
 
2.4.1.6 Residual stress in AlN 
All of the AlN sputtered films have residual stresses owing to the lattice constant difference 
between the films and the bulk. The residual stresses along a- and c-axis of AlN films (σa and 
σc) on the nitrided a-plane sapphire at room temperature (RT) relative to AlN bulk were 




 𝐸,         𝜎𝑐 =
𝑐film−𝑐bulk
𝑐bulk
 𝐸 (3) 
where afilm and cfilm are the lattice constants a and c of the sputtered AlN films at RT. abulk and 
cbulk are the lattice constants a (0.3111 nm) and c (0.4981 nm) of the AlN bulk at RT2.15. E is 
Young’s modulus (308 GPa) of the AlN bulk at RT2.16. 
Generally speaking, the residual stress of the sputtered films on the substrate is affected by 
peening effect and thermal expansion coefficient difference2.17. The peening effect is caused by 
the bombardment of the energetic atoms or ions on the growing film surface during sputtering. 
The Al sputtered atom makes in-plane tensile stress on the growing surface of the substrate. 
Because the substrate is restricted, the in-plane compressive stress occurs in the interface of 
35 
AlN and nitrided sapphire. Moreover, the residual compressive stress in the interface is also 
comes from thermal coefficient different during cooling. Thermal coefficient of sapphire 
(7.3×10-6 K-1 along a-axis and 8.2×10-6 K-1 along c-axis at 823 K) is higher than those of AlN 
(3.6×10-6 K-1 along a-axis and 4.1×10-6 K-1 along c-axis at 823 K) 2.18,19.  
The lattice constants a of the nitrided sapphire and the AlN films deposited on the a-plane 
sapphire are influenced by the different thermal expansion coefficients along the a- and c-axes 
of the sapphire. 
Thus, the sapphire shrinks more in in-plane direction during cooling. As the consequence, 
the in-plane compressive stress occurs in the interface. However, because residual stress from 
thermal expansion coefficient was much smaller (around 85 MPa) than those shown in Fig. 15, 
it is considered the residual stress mainly caused by peening effect2.20.  
The tensile residual stress along the c-axis of the sputtered AlN films was constant with 
increase of oxygen partial pressure and abruptly increased at oxygen partial pressure of 9.4×103 
Pa. However, the dependence of tensile residual stress along the a-axis of the sputtered AlN 
films on oxygen partial pressure was difficult to be seen. But, the AlN film sputtered at oxygen 
partial pressure of 9.4×103 Pa had the highest compressive residual stress. 
 
Fig. 11Tensile stresses along a- and c-axes of AlN films deposited at various oxygen partial pressures. 
Dash-dot and dash lines are the tensile stress value of the AlN bulk and the nitrided sapphire. 
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2.4.1.7 XRC Profile of AlN 
Figures 16-20 show the AlN (0002) and (10-12) XRC of AlN films sputtered at oxygen 
partial pressures of 5.0×10-10 - 9.4×103 Pa. The shape of AlN (0002) XRC AlN films 
sputtered at 5.0×10-10, 5.5×10-3, and 5.6×102 Pa contained narrow and broad peaks. It 
indicates that the AlN films had 2 domains peak that have different tilted AlN normal to its 
surface (AlN c-axis direction). However, the evidence still remains not clear.  
 
Fig. 12 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial 
pressures of  5.0×10-10 Pa. 
 
Fig. 13 
AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial pressures 




Fig. 14 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial 
pressures of  5.0×100 Pa. 
 
Fig. 15 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial 
pressures of 5.6×102 Pa. 
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Fig. 16 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial 
pressures of 9.4×103 Pa. 
2.4.1.8 Cyrstalline quality of AlN 
The dependence of AlN (0002) and (10-12) XRC-FWHM of sputtered AlN films on oxygen 
partial pressure is shown in Fig. 21. The (0002) and (10-12) XRC-FWHM values of AlN films 
sputtered at 5.0×10-10 - 5.0×100 Pa were decrease with increase the oxygen partial pressure. 
However, the (0002) and (10-12) XRC-FWHM values of AlN film sputtered at 5.6×10-2 Pa 
was higher than those of AlN film sputtered at 5.0×100 Pa. Moreover, the (0002) and (10-12) 
XRC-FWHM values of AlN film sputtered at 9.4×10-3 Pa was the lowest. The AlN film 
sputtered at highest oxygen partial pressure of 9.4×103 Pa gave the best crystal quality with 
486 and 1055 arcsec for AlN (0002) and (10–12) XRC-FWHM, respectively. However, these 
values were still larger than AlN (0002) and (10–10) XRC-FWHM of the AlN layer formed 
by nitridation. This value is smaller than the value of AlN films sputtered on nitrided a-plane 
sapphire at 800 W, 823 K, PO2 at 5.0×10
-10 Pa (Ptotal of 10
5 Pa) and Ptotal of 0.4-0.6 Pa by pulsed 
DC reactive magnetron sputtering in the previous paper2.20. Thus, the crystalline quality of 




Fig. 17 AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films deposited at various 
oxygen partial pressures. Grey area show the AlN (0002) and (10–10) XRC-FWHM of the nitrided a-
plane sapphire. 
2.4.1.9 Dislocation in AlN 
The dislocation density was estimated from XRD Measurement using the following formula2.21: 








    (4) 
where βS  and βE are the XRC-FWHM value of (0002) AlN and (10-10) AlN in radiance2.22, bs 




20>, |bS| and |bE| are the lengths of the Burgers vector of the screw component |bS|= 0.49792 
nm and edge component |bE| = 0.31114  nm2.21. However, to estimate edge dislocation using 
XRC-FWHM value of twist (10-10), it can be estimated from XRC FWHM value of (10-12) 
using following formula2.23:  
𝛽(10–12)
2 =  𝛽𝑠
2 +  𝛽𝐸
2 (5) 
where β(10-12)  is the XRC-FWHM value of (10-12) of AlN. The estimated screw and edge type 
dislocations of AlN film sputtered at various oxygen partial pressure were summarized in Table 
2.  
 
Table 2 Estimated screw and edge dislocation densities in AlN films sputtered at various 
oxygen partial pressure. 
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Oxygen  Screw  Edge  
partial  dislocation  dislocation  
Pressure (Pa) 
(a-type) (cm-
2) (c-type) (cm-2) 
5.0×10-10 1.7×1010 1.2×1011 
5.5×10-3 1.6×109 8.1×1010 
5.0×100 2.9×107 2.4×1010 
5.6×102 1.6×109 4.5×1010 
9.4×103 5.2×108 4.9×109 
Nitrided      
a-plane  4.9×107 2.0×109 
sapphire     
 
The screw (a-type) and edge (c-type) dislocations of AlN film sputtered at lowest oxygen 
partial pressure of 5.0×10-10 Pa were estimated to be 1.7×1010 cm-2 and 1.2×1011 cm-2, 
respectively. These values were 1.5 orders higher than those of AlN film sputtered at highest 
oxygen partial pressure of 9.4×103 Pa (a-type = 5.2×108 cm-2 and c-type = 6.2×109 cm-2). This 
result indicates that the dislocations in the AlN film sputtered at highest oxygen partial pressure 
of 9.4×103 Pa was decrease by sputtering at high oxygen partial pressure owing to polarity 
inversion from nitrogen (-c)-polar to aluminum (+c)-polar AlN. 
Figure 22 shows cross-sectional TEM images of AlN films sputtered at oxygen partial 
pressure of 5.0×100 Pa under the incident beam direction of AlN [11-20] (point 1 and 4) and 




Fig. 18 Cross-sectional TEM images of an AlN layer sputtered at oxygen partial pressure of 
5.0×100 Pa. 
Figure 23 shows cross-sectional TEM images of AlN films sputtered at oxygen partial 
pressure of 9.4×103 Pa under the the incident beam direction of AlN [1-100]. The AlN film 
sputtered at oxygen partial pressure of 5.0×100 Pa has two different diffraction patterns that 
show incident beam direction AlN [1-100] (point 2,3, and 5) and AlN [1-210] (point 1 and 4) 
owing to (twisted rotation of 30º) AlN while point 6 shows the diffraction pattern under the 
incident beam of [1-100] sapphire. The AlN film sputtered at the highest oxygen partial 
pressure of 9.4×103 Pa has a ring diffraction pattern (point 1) that means polycrystalline 
structure in the top part. There is a single crystal structure with an incident beam of AlN [1-
100] in the bottom part, while point 3 shows the diffraction pattern of [1-100] a-plane sapphire.  
\  
Fig. 19 Cross-sectional TEM images of an AlN layer sputtered at oxygen partial pressure of 
9.4×103 Pa. 
 
Figure 24 shows FFT images of AlN film sputtered at oxygen partial pressure of 9.4×103 
Pa including interface of substrate and AlN film. It indicates that sputtered AlN film has 30º 
twist rotation to nitrided layer. 
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Fig. 20 FFT images of an AlN layer sputtered at oxygen partial pressure of 9.4×103 Pa. 
 
Figure 25 shows FFT images of AlN film sputtered at oxygen partial pressure of 9.4×103 
Pa that had 2 layers of AlN: bottom and upper part. The bottom part of AlN film was single 




Fig. 21 FFT images of an AlN layer sputtered at oxygen partial pressure of 9.4×103 Pa. 
Figure 26 shows the φ scan of AlN film sputtered at oxygen partial pressure of 5.0×100 Pa. 
There are 6 strong peaks and 6 weak peaks exist in the figure correspond to two different AlN 
domains. The φ were different 30 º each other. 
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Fig. 22 φ scan of AlN film sputtered at oxygen partial pressure of 5.0×100 Pa. 
Figure 27 shows cross-sectional TEM images of AlN films sputtered at oxygen partial 
pressure of a) 5.0×100 and b) 9.4×103 Pa. The AlN film sputtered at oxygen partial pressure of 
5.0×100 Pa has many crystal defects in the whole layer along the growth direction. On the other 
hand, the AlN film sputtered at highest oxygen partial pressure of 9.4×103 Pa shows that the 
AlN layer is divided into two layers with a few crystal defects in the bottom layer and 
polycrystalline AlN in the top layer. This result is consistent with XRC-FWHM values and a 
few dislocation densities results. 
 
Fig. 23 Cross-sectional TEM images of an AlN layer sputtered at oxygen partial pressure of a) 
5.0×100 and b) 9.4×103 Pa. 
 
Fig. 28 shows cross-sectional HR-TEM images of AlN films sputtered at oxygen partial 
pressure of 9.4×103 Pa which contained 2 AlN layers : upper and bottom layers in a) low and  
b) higher magnification.   
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Fig. 24 Cross-sectional TEM images of an AlN layer sputtered at oxygen partial pressure of 
5×100 Pa. 
Fig. 29 shows cross-sectional HR-TEM images of a) upper layer and b) lower layer of AlN 
film sputtered at oxygen partial pressure of 5.0×100 Pa. The upper layer has some nano grains 
that its boundary is shown with dominated black color. The lower layer has some curve lines 
that indicates that the lower layer contains residual stress. 
 
 
Fig. 25 Cross-sectional HR-TEM images of an AlN layer sputtered at oxygen partial pressure 
of 9.4×103 Pa 
 
Figure 30 shows cross-sectional TEM images of AlN films sputtered at oxygen partial pressure 
of 9.4×103 Pa. The This image shows small grain in the columnar structure of upper part of 





Fig. 26 Cross-sectional TEM images of an AlN layer sputtered at oxygen partial pressure of 
9.4×103 Pa. 
 
2.4.1.10 Impurity concentration in AlN 
Figure 31 shows the depth profile of carbon concentration in AlN film sputtered at highest 
oxygen partial pressure of 9.4×103 Pa. The oxygen concentration in AlN films sputtered at 
low oxygen partial pressures was estimated using O- concentration which is represented by a 
blue line. But in the AlN film sputtered at 9.4×103 Pa, the O- concentration was saturated and 
difficult to estimate its value. Therefore, its oxygen concentration was estimated by comparing 
the 18O- concentration which is represented with an orange line with that value in AlN film 
sputtered at oxygen partial pressure of 5.6×102 Pa. 
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Fig. 27 Depth profile of oxygen and carbon concentrations in AlN film sputtered at optimized 
oxygen partial pressure of 9.4×103 Pa. 
 
Figure 32 shows the oxygen and carbon concentrations in AlN films sputtered at various 
oxygen partial pressures analyzed by using SIMS. This figure confirms the incorporation of 
oxygen atoms into the AlN structure. The amount of oxygen impurities in the sputtered film 
increases with increasing oxygen partial pressure owing to the higher number of oxygen atoms 
in the mixture gas.  The high carbon concentrations may come from the residual and adsorbed 
gases in the sputtering chamber. The phenomenon of impurity can be explained with the size 
of the atomic radius of the atoms. The O atom has smaller atomic radius (0.06 nm) 2.24 than N 
atom (0.07 nm) 2.25. Al atom has an atomic radius of 0.143 nm2.26 and carbon atom has an atomic 
radius 0.77 nm2.27. Aluminum vacancy is considered has an atomic radius of Al atomic radius. 
The amount of carbon impurities in the sputtered film decreases with increasing oxygen partial 
pressure until 5.0×100 Pa owing to impurity competition between carbon atoms and oxygen 
atoms in the AlN structure. This makes the structure packed and carbon atom difficult to 
incorporate into the AlN structure. In the other hand, the carbon impurities above PO2 = 5.0×10
0 
Pa increase as the oxygen concentration increases significantly that may be owing to more 
space available because of a smaller atomic radius of oxygen atom than that of nitrogen atom 
(radius of 0.01 nm for each nitrogen substitution with oxygen) and then the vacancy of 
aluminum is generated (radius of 0.143 nm more space available for each aluminum vacancy) 
in the AlN structure during polarity inversion so the oxygen and carbon atom impurity can 
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incorporate easier than that in lower oxygen partial pressure. The oxygen and carbon 
concentrations deposited at the highest oxygen partial pressure of 9.4×103 Pa were 4.0×1022 
and 2.5×1021 atoms/cm3, respectively. These values were more than two or one order higher 
than those values in AlN film deposited at the lowest oxygen partial pressure of 5.0×10-10 Pa 
(oxygen: 2×1020 and carbon: 1.8×1020 atoms/cm3). Those value of oxygen and carbon 
concentrations deposited at the highest oxygen partial pressure of 9.4×103 Pa were also higher 
than our previous paper2.28.   
 
 
Fig. 28 Oxygen and carbon concentrations in AlN sputtered film deposited at various oxygen partial 
pressures. 
 
2.4.1.11 Lattice misfit of AlN 
From TEM images, the in-plane crystallographic between AlN and a-plane sapphire can be 
obtained. The AlN sputtered at oxygen partial pressure of 5.0×100 has 2 AlN domains that has 
a twisted rotation of 30º each other.  The relationship between the a-plane sapphire substrate 
and the AlN film sputtered at oxygen partial pressure of 5.0×100 Pa (point 1 and 4) in Fig. 22 
is summarized below: 
AlN {0002} // sapphire {11-20}, (6) 
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AlN <10-10> // sapphire <0001> (7) 
AlN <11-20> // sapphire <10-10> (8) 
However, AlN film sputtered at oxygen partial pressure 5.0×100 Pa (point 2, 3 and 5) in Fig. 
22 and AlN film sputtered at oxygen partial pressure 9.4×103 Pa in Fig. 23 have an AlN domain 
that has twisted rotation of 30 º with AlN domain above. The relationship is : 
AlN {0002} // sapphire {11-20}, (9) 
AlN <11-20> // sapphire <0001>, (10) 
AlN <10-10> // sapphire <-1010>, (11) 
thus, the in-plane crystallographic relationship is depend on the polarity of AlN. The schematic 
of in-plane crystallographic relationship between the AlN sputtered film and the a-plane 
sapphire substrate is shown in Fig. 33. However, because the AlN domain that has twisted 
rotation of 30 º was dominant in AlN film sputtered at oxygen partial pressure of 5.0×100 Pa 
and 9.4×103 Pa, the lattice misfit between AlN and a-plane sapphire can be calculated using 
lattice spacing d11‒20 (AlN) and d0006 (sap) following equation that almost similar in our previous 
paper2.20: 
Lattice misfit (%)  =   
|7𝑑11‒20 (AlN)−5𝑑0006 (sap)|
5𝑑0006 (sap)
× 100 (at RT) (12) 
 
Fig. 29 Inplane crystallographic relationship between the AlN sputtered film and the a-plane 
sapphire substrate. 
 
Figure 34 shows the dependence of lattice misfit of AlN films and sapphire on oxygen 
partial pressure calculated using formula of lattice misfits for both in-plane crystallographic 
relationship. The tendency of lattice misfits are the same. The higher lattice misfit in AlN films 
sputtered at oxygen partial pressure of 5.0×10-10 Pa was assumed to be caused by the AlN films 
contained both  in-plane crystallographic AlN domains. The increase of lattice misfit at oxygen 
partial pressure of 9.4×103 Pa was assumed to be caused by polarity inversion from  nitrogen 
(-c)-polar to aluminum (+c)-polar AlN. 
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Fig. 30 Lattice misfit between AlN and a-plane sapphire. Dash dot value represent the lattice 




2.4.2 Effect of thickness on crystalline quality and residual stress 
of AlN films 
2.4.2.1 AlN thickness dependence on surface morphology of AlN 
 
Fig. 31 Surface images of the nitrided a-plane sapphire and the AlN films sputtered at highest oxygen 
partial pressure of 9.4×103 Pa with various AlN thickness. 
 
Figure 66 shows the surface morphology of the nitrided sapphire and the AlN films sputtered 
at highest oxygen partial pressures of 9.4×103 Pa with various AlN thickness. The different 
color in each substrate was caused by the different of thickness and non-stochiometry of each 
of the AlN film (white color : balance stochiometry of AlN). The number of dark spots crater 
like damage increase with increasing the AlN thickness owing to the increase of arcing 
(abnormal electrical charge) with increasing the sputtering time. 
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2.4.2.2 AlN thickness dependence on crystalline orientation of AlN 
 
Fig. 32 Crystalline orientation of nitrided a-plane sapphire and AlN films deposited at highest oxygen 
partial pressure of 9.4×103 Pa with various AlN thickness. 
 
Figure 67 shows the XRD 2θ–ω scan profiles of the AlN films deposited on the nitrided a-
plane sapphire substrates at oxygen partial pressure of 9.4×103 Pa with thickness 200 – 1300 
nm. There are diffraction peaks of (11–20) and (22–40) of Al2O3 which are expected came 
from the a-plane sapphire substrate.  The other peaks are AlN (0002) and (0004) reflection 
peaks. These XRD 2θ–ω scan profiles reveal that c-axis-oriented AlN films were successfully 
grown on the nitrided a-plane sapphire. No peaks correspond to pure Al metal nor another 
Al2O3 peaks were observed except Al2O3 (11–20) and (22–40). These indicate that the AlN 
films were successfully deposited on the substrate using pulsed DC reactive sputtering at all of 
oxygen partial pressures. The peak positions of AlN bulk (0002) at 2θ of 36.0° and (0004) at 
2θ of 76.4° reflections are shown by dash lines to compare with AlN bulk value. The peaks of 
(0002) sputtered AlN thickness of 200 nm shifted towards lower angle. The peaks of (0002) 
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sputtered AlN thickness of 300 nm shifted towards (0002) AlN bulk position compared to AlN 
thickness of 200 nm. The peaks of (0002) sputtered AlN thickness of 1300 nm shifted towards 
lower angle compared to those of AlN thickness of 200 and 300 nm. 
 
2.4.2.3 AlN thickness dependence on lattice constant of AlN 
The lattice constants a and c of the AlN films sputtered at highest oxygen partial pressures of 
9.4×103 Pa with various thickness are shown in figure 68. The lattice constant a and c values 
of the AlN bulk2.10 and nitrided a-plane sapphire are shown with dash-dot and dash lines. The 
lattice constant c was constant in AlN films with 200 and 300 nm thickness and increase in 
1300 nm thickness. However, lattice constant a increase with increasing thickness from 200 to 
300 nm and then decrease with increasing the thickness from 300 to 1300 nm. 
 
Fig. 33 Lattice constants a and c of sputtered AlN films sputtered at highest oxygen partial pressure of 
9.4×103 Pa with various AlN thickness. 
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2.4.2.4 AlN thickness dependence on residual stress of AlN 
The residual stresses along a- and c-axis of the sputtered AlN films are shown in Figure 69. 
The in-plane "compressive" residual stress along a-axis of the AlN films with increasing 
thickness from 200 to 300 nm decrease and then increase with increasing thickness from 300 
to 1300 nm. The "tensile" residual stress along c-axis was constant with increasing the AlN 
thickness from 200 to 300 nm and then decrease with increasing the thickness of AlN film 
from 300 to 1300 nm. 
 
 
Fig. 34 Tensile stresses along a- and c-axis of AlN films deposited at highest oxygen partial pressure 
of 9.4×103 Pa with various AlN thickness. Dash-dot and dash lines are the tensile stress value of the 
AlN bulk and the nitrided sapphire. 
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2.4.2.5 AlN thickness dependence on cyrstalline quality of AlN 
The dependence of AlN (0002) and (10–12) XRC-FWHM of AlN films sputtered at highest 
oxygen partial pressure of 9.4×103 Pa on various thickness of AlN film is shown in figure 70.  
The AlN (0002) XRC-FWHM of sputtered films decreased with increasing the thickness of 
AlN films. The AlN (10-12) XRC-FWHM of sputtered films increased with increasing the 
thickness of AlN film thickness from 200 to 300 nm and then decrease with increasing the AlN 
film thickness from 300 to 1300 nm. The AlN (0002) and (10–12) XRC-FWHM of sputtered 
AlN films were still larger than AlN (0002) and (10–10) XRC-FWHM of the AlN layer formed 
by nitridation. The best crystalline quality was achieved in AlN film with thickness of 200 nm. 
 
 
Fig. 35 AlN (0002) and (10–12) XRC-FWHM values of AlN films sputtered at highest oxygen partial 
pressure of 9.4×103 Pa with various thickness. Grey area show the AlN (0002) and (10–10) XRC-




2.4.3 Annealing of AlN films 
2.4.3.1 Annealing temperature 
2.4.3.1.1 Surface morphology of AlN after annealing at 1973 K 
 
Fig. 36 Surface morphology of AlN sputtered films after annealing at 1973 K. 
Figure 35 shows the surface morphology of AlN sputtered films after annealing at 1973 K. The 
ambiguous shape appears after annealing known as crack formation owing to effect of residual 
stress in AlN sputtered films. Some dark spots (pits) also appear which may acts as AlN 
evaporation path.  
2.4.3.1.2 Crystalline orientation of AlN after annealing at 1973 K 
Figure 36 shows the crystalline orientation of AlN sputtered films after annealing. After 
annealing at 1973 K, the intensity of AlN (0002) peaks were higher and the peaks shifted 
toward higher angle approaching to 2θ angle of AlN bulk. After annealing at 1973 K, the 
Al5O6N (γ-AlON) peaks appear owing to reaction between interface Al2O3 and AlN film 
according to phase stability diagram of the AlN–Al2O3–C–N2–CO system under the condition 




Fig. 37 Crystalline orientation of AlN films sputtered at various oxygen partial pressures after 
annealing at 1973 K. Crystalline orientation of nitrided a-plane sapphire also shown as well. 
 
2.4.3.1.3 Cyrstalline quality of AlN before and after annealing at 1973 K 
Figure 37 shows the AlN (0002) and (10–12) XRC-FWHM values of AlN films sputtered at 
various oxygen partial pressures before and after annealing at 1973 K. Overall the AlN (0002) 
value XRC-FWHM values of AlN films after after annealing at 1973 K increase owing to crack 
formation on the AlN surface. The (10–12) XRC-FWHM values of AlN films sputtered at 
oxygen partial pressures of 5.0×10-10 - 5.5×10-3 Pa after annealing at 1973 K were decrease. In 
the contrary, (10–12) XRC-FWHM values of AlN films sputtered at oxygen partial pressures 
of 5.0×100 - 9.4×103 Pa after annealing at 1973 K were increase. 
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Fig. 38 AlN (0002) and (10–12) XRC-FWHM values of AlN films sputtered at various oxygen partial 
pressures before and after annealing at 1973 K. Grey area show the AlN (0002) and (10–10) XRC-
FWHM of the nitrided a-plane sapphire. 
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2.4.3.1.4 Surface morphology of thinner AlN films before annealing  
Figure 38 shows the surface morphology of the nitrided sapphire and the AlN films with 
various sputtering condition of oxygen partial pressure, thickness, and substrates. The different 
color in each substrate was caused by the different of thickness and non-stochiometry of each 
of the AlN film (white color : balance stochiometry of AlN). Except AlN film sputtered at 
oxygen partial pressure of 9.4×103 Pa with a thickness of 200 nm, there were no different color 
in the matrix except dark spot crater like damage owing to arcing (abnormal electrical charge) 
during sputtering indicate 2-dimensional growth of AlN occurred. 
 
 
Fig. 39 Surface images of the nitrided a-plane sapphire and the sputtered AlN films deposited with 
various oxygen partial pressures, thickness, and substrates obtained by using a laser microscope. 
 
2.4.3.1.5 Polarity of thinner AlN films  
Fig. 39 shows the surface images of AlN thinner films sputtered at various oxygen partial 
pressures before and after etching with KOH. The surface images of sputtered AlN films at 
5.0×10-10 and 5.5×10-3 Pa changed dramatically. There are some chain like surface damage 
appeared on the surface. It indicates that AlN films sputtered at 5.0×10-10 and 5.5×10-3 Pa have 
nitrogen (-c) polarity. On the other hand, the sputtered AlN films at oxygen partial pressure of 
9.4×103 Pa has aluminum (+c) polarity because the surface image after etching with KOH 
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Fig. 40 Surface images of AlN thinner films sputtered at various oxygen partial pressures before and 
after etching with KOH. 
 
2.4.3.1.6 Crystalline orientation of thinner AlN films before annealing 
Figure 40 shows the XRD 2θ–ω scan profiles of the AlN films sputtered with various oxygen 
partial pressures, thickness, and substrates. There are diffraction peaks of (11–20) and (22–40) 
of Al2O3 which are expected came from the a-plane sapphire substrate.  The other peaks are 
AlN (0002) and (0004) reflection peaks.  For AlN films deposited at 200 nm, the increase of 
oxygen partial pressure leads to shift of (0002) AlN peaks to the lower value indicating lattice 
constant c increase. In the other hand, AlN films deposited at 300 nm and on the bare sapphire 




Fig. 41 Crystalline orientation of nitrided a-plane sapphire and AlN films sputtered with various 
oxygen partial pressures, thickness, and substrates. 
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2.4.3.1.7 Lattice constants of thinner AlN films before annealing 
  
Fig. 42 Lattice constants a and c of sputtered AlN films sputtered with various oxygen partial 
pressures, thickness, and substrates. Dash-dot and dash lines show lattice constant a and c values of an 
AlN bulk and the nitrided a-plane sapphire. 
The lattice constants a and c of the AlN thinner films sputtered at various oxygen partial 
pressures, thickness, and substrates are shown in Fig. 41. The thicker AlN film of 300 nm and 
the AlN film deposited on a bare sapphire has higher lattice constant c than those of AlN Bulk 
value and lower lattice constant a than those of AlN Bulk.   
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2.4.3.1.8 Residual Stress of thinner AlN films before annealing 
 
Fig. 43 Tensile stresses along a- and c-axes of AlN films deposited with various oxygen partial 
pressures, thickness, and substrates. Dash-dot and dash lines are the tensile stress value of the AlN 
bulk and the nitrided sapphire. 
Figure 42 shows the residual stresses along a- and c-axis of the sputtered AlN films. The 
increase of oxygen partial pressure only slightly affect the in-plane compressive residual stress 
along a-axis and c-axis of the AlN films owing to very small different of oxygen incorporation 
in a thin AlN film of  200 nm.  
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2.4.3.1.9 Crystalline quality of thinner AlN films before annealing 
 
Fig. 44 AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films deposited with various 
oxygen partial pressures, thickness, and substrates. Grey area show the AlN (0002) and (10–10) XRC-
FWHM of the nitrided a-plane sapphire. 
The AlN (0002) and (10–12) XRC-FWHM values of AlN films sputtered with various oxygen 
partial pressures, thickness, and substrates were shown in Figure 43. Generally speaking, The 
XRC-FWHM values of the thinner AlN films were lower than those of thicker AlN film. The 
300 nm AlN film deposited at oxygen partial pressure of  9.4×103 Pa also consistent. The 
sputtered AlN film on a bare sapphire has higher value due to no thin AlN layer as in the 
nitrided sapphire that beneficial to stuck the AlN sputtered film. 
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2.4.3.1.10 Surface morphology of thinner AlN films after annealing at 1973 K 
 
 
Fig. 45 Surface images of the nitrided a-plane sapphire and the AlN films with various sputtering 
condition of oxygen partial pressures, thickness, and substrates after annealing at 1973 K. 
Figure 44 shows the surface morphology of the nitrided sapphire and the AlN films with 
various sputtering condition of oxygen partial pressure, thickness, and substrates after 
annealing at 1973 K. The green and yellow color appear due to γ-AlON formation. Some pits 
were observed due to AlN decomposition. Some lines were observed indicating some cracks 





2.4.3.1.11 Crsytalline orientation of thinner AlN films after annealing at 1973 K 
 
Fig. 46 Crystalline orientation of the nitrided a-plane sapphire and the AlN films with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 1973 K. 
Figure 45 shows the crystalline orientation of the nitrided a-plane sapphire and the AlN films 
with various sputtering condition of oxygen partial pressure, thickness, and substrates before 
and after annealing at 1973 K. After annealing, the intensity of AlN (0002) peaks were higher 
and the peaks shifted toward higher angle approaching to 2θ angle of AlN bulk. The γ-AlON 
peaks appear owing to higher oxygen concentration on AlN structure so it shifts the correct 
value on phase stability diagram of the AlN–Al2O3–C–N2–CO system under the condition of 
aC =1 and pN2+pCO=1. The (220) of Al peak (from the stage of holder) also appear due to the 





2.4.3.1.12 Crystalline quality of thinner AlN films before and after annealing at 1973 K 
The shape AlN (0002) and (10–12) XRC-FWHM of sputtered AlN films before and after 
annealing at 1973 K were shown in Figures 46 - 50. In general, the peaks of AlN (0002) and 
(10–12) became broader. 
 
Fig. 47 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial pressures 
of  5.0×10-10 Pa with 200 nm thickness on nitrided a-plane sapphire before (red) and after annealing 
(blue). 
 
Fig. 48 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial pressures 




Fig. 49 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial pressures 
of  9.4×103 Pa with 200 nm thickness on nitrided a-plane sapphire before (red) and after annealing 
(blue). 
 
Fig. 50 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial pressures 




Fig. 51 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial pressures 
of  9.4×103 Pa with 200 nm thickness on bare a-plane sapphire before (red) and after annealing (blue). 
 
Fig. 52 AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films deposited with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 1973 K. 
Grey area show the AlN (0002) and (10–10) XRC-FWHM of the nitrided a-plane sapphire. 
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The AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films before and after 
annealing at 1973 K were shown in Figure 51. Generally speaking, The XRC-FWHM value of 
the annealed AlN film was higher than those before annealing due to pit formation caused by 
decomposition of AlN after annealing that leads to dislocation generation. The values of AlN 
sputtered film deposited at 9.4×103 on the bare sapphire after annealing was lower than those 




2.4.3.1.13 Surface morphology of thinner AlN films after annealing at 1923 K 
 
Fig. 53 Surface images of the nitrided a-plane sapphire and the AlN films with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 
1923 K. 
 
Figure 52 shows the surface morphology of the nitrided sapphire and the AlN films with 
various sputtering condition of oxygen partial pressure, thickness, and substrates after 
annealing at 1923 K.  
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2.4.3.1.14 Crystalline orientation of thinner AlN films after annealing at 1923 K 
 
Fig. 54 Crystalline orientation of the nitrided a-plane sapphire and the AlN films with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 1923 K. 
Fig. 53 shows the crystalline orientation of the nitrided a-plane sapphire and the AlN films with 
various sputtering condition of oxygen partial pressure, thickness, and substrates after 
annealing at 1923 K. After annealing, the intensity of AlN (0002) and (0004) peaks were higher 
and the peaks shifted toward higher angle approaching to 2θ angle of AlN bulk. The (220) of 




2.4.3.1.15 Crystalline quality of thinner AlN films before and after annealing at 1923 K 
 
 
Fig. 55 AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films deposited with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 1923 K. 
Grey area show the AlN (0002) and (10–10) XRC-FWHM of the nitrided a-plane sapphire. 
The AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films before and after 
annealing at 1923 K were shown in Figure 54. Generally speaking, The XRC-FWHM value of 
the annealed AlN film was higher than those before annealing due to pit formation caused by 
decomposition of AlN after annealing that leads to dislocation generation. The values of AlN 
sputtered film deposited at 9.4×103 on the bare sapphire  after annealing was lower than those 




2.4.3.1.16 Surface morphology of thinner AlN films after annealing at 1873 K 
 
 
Fig. 56 Surface images of the nitrided a-plane sapphire and the AlN films with various sputtering 
condition of oxygen partial pressures, thickness, and substrates after annealing at 1873 K. 
Figure 55 shows the surface morphology of the nitrided sapphire and the AlN films with 
various sputtering condition of oxygen partial pressure, thickness, and substrates after 




2.4.3.1.17 Crystalline orientation of thinner AlN films after annealing at 1873 K 
 
Fig. 57 Crystalline orientation of the nitrided a-plane sapphire and the AlN films with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 1873 K. 
Figure 56 shows the crystalline orientation of the nitrided a-plane sapphire and the AlN films 
with various sputtering condition of oxygen partial pressure, thickness, and substrates before 
and after annealing at 1873 K. After annealing, the intensity of AlN (0002) and (0004) peaks 
were higher and the peaks shifted toward higher angle approaching to 2θ angle of AlN bulk. 




2.4.3.1.18 Crystalline quality of thinner AlN films before and after annealing at 1873 K 
 
Fig. 58 AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films deposited with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 1873 K. 
Grey area show the AlN (0002) and (10–10) XRC-FWHM of the nitrided a-plane sapphire. 
The AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films before and after 
annealing at 1873 K were shown in Figure 57. Generally speaking, The XRC-FWHM value of 
the annealed AlN film was higher than those before annealing due to pit formation caused by 
decomposition of AlN after annealing that leads to dislocation generation. The values of AlN 
sputtered film deposited at 9.4×103 on the bare sapphire  after annealing was lower than those 




2.4.3.1.19 Surface morphology of thinner AlN films after annealing at  1773 K 
 
 
Fig. 59 Surface images of the nitrided a-plane sapphire and the AlN films with various sputtering 
condition of oxygen partial pressures, thickness, and substrates after annealing at 1773 K. 
Figure 58 shows the surface morphology of the nitrided sapphire and the AlN films with 
various sputtering condition of oxygen partial pressure, thickness, and substrates after 




2.4.3.1.20 Crystalline orientation of thinner AlN films after annealing at 1773 K 
 
Fig. 60 Crystalline orientation of the nitrided a-plane sapphire and the AlN films with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 1773 K. 
Figure 59 shows the crystalline orientation of the nitrided sapphire and the AlN films with 
various sputtering condition of oxygen partial pressure, thickness, and substrates before and 
after annealing at 1773 K. After annealing, the intensity of AlN (0002) and (0004) peaks were 
higher and the peaks shifted toward higher angle approaching to 2θ angle of AlN bulk. The 
(220) of Al peak (from the stage of holder) also appear due to the smaller sample used for 
annealing.  
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2.4.3.1.21 Crystalline quality of thinner AlN films after annealing at 1773 K 
 
Fig. 61 AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films deposited with various 
sputtering condition of oxygen partial pressures, thickness, and substrates after annealing at 1773 K. 
Grey area show the AlN (0002) and (10–10) XRC-FWHM of the nitrided a-plane sapphire. 
The AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films before and after 
annealing at 1773 K were shown in Figure 60. The XRC-FWHM value of the annealed AlN 
film was higher than those before annealing due to pit formation caused by decomposition of 
AlN after annealing that leads to dislocation generation. The values of AlN sputtered film 
deposited at oxygen partial pressure of 9.4×103 Pa on the bare sapphire  after annealing was 
lower than those before annealing leads to easier movement of twist component than those on 
the nitrided sapphire. 
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2.4.3.1.22 Annealing temperature dependence on surface morphology of thinner AlN 
films 
 
Fig. 62 Surface morphology of the nitrided a-plane sapphire and the AlN films with sputtering 
condition oxygen partial pressure of 9.4×103 Pa, thickness of 200 nm, before and after annealing at 
temperatures of 1773 - 1973 K. 
Figure 61 shows the surface morphology of the nitrided a-plane sapphire and the AlN films 
with sputtering condition oxygen partial pressure of 9.4×103 Pa, thickness of 200 nm, before 
and after annealing at temperature of 1773 - 1973 K. After annealing, there were some dark 
spots on the surface of AlN film that indicate evaporation of AlN. Increasing the annealing 
temperature from 1773 - 1923 K leads to larger size of the dark spots and the number of dark 
spots increases on the AlN film after annealing. It indicates at temperature of 1773 - 1923 K, 
increasing the temperature leads to more evaporation of AlN from AlN film. Annealing 
temperature of 1973 K leads to crack formation shown with some lines on the surface of AlN.  
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2.4.3.1.23 Annealing temperature dependence on crystalline orientation of thinner AlN 
films 
 
Fig. 63 Crystalline orientation of the nitrided a-plane sapphire and the AlN films with sputtering 
condition oxygen partial pressure of 9.4×103 Pa, thickness of 200 nm, before and after annealing at 
temperatures of 1773 - 1973 K. 
Figure 62 shows the crystalline orientation of the nitrided a-plane sapphire and the AlN films 
with sputtering condition oxygen partial pressure of 9.4×103 Pa, thickness of 200 nm, before 
and after annealing at temperature of 1773 - 1973 K. After annealing, the intensity of AlN 
(0002) and (0004) peaks were higher and the peaks shifted toward higher angle approaching 
to 2θ angle of AlN bulk.  The (220) of Al peak (from the stage of holder) also appear due to 
the smaller sample used for annealing. However, AlN film annealed at 1973 K had γ-AlON 
phase. 
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2.4.3.1.24 Annealing temperature dependence on lattice constant of thinner AlN films 
 
Fig. 64 Lattice constants a and c of AlN bulk, nitrided a-plane sapphire, and AlN films sputtered at 
oxygen partial pressure of 9.4×103 Pa, thickness of 200 nm, before and after annealing at temperatures 
of 1773 - 1973 K. 
The lattice constants a and c of the AlN films sputtered at oxygen partial pressure of 9.4×103 
Pa, thickness of 200 nm, before and after annealing at temperatures of 1773 - 1973 K are shown 
in figure 63. The lattice constant c of AlN films are constant and become independent with 
annealing temperature, while the lattice constant a only slightly changed. The values of lattice 
constant a and c of AlN films approaching those of AlN Bulk compared with those of AlN 
film before annealing. 
 
81 
2.4.3.1.25 Annealing temperature dependence on residual stress of thinner AlN films 
 
Fig. 65 Tensile stresses along a- and c-axes of AlN bulk, nitrided a-plane sapphire, and AlN films 
sputtered at oxygen partial pressure of 9.4×103 Pa, thickness of 200 nm, before and after annealing at 
temperatures of 1773 - 1973 K. 
Figure 64 shows the residual stress along a- and c- axes of the AlN films sputtered at oxygen 
partial pressure of 9.4×103 Pa, thickness of 200 nm, before and after annealing at temperatures 
of 1773 - 1973 K. The residual stress along c-axis of AlN films are constant and become 
independent with annealing temperature, while the residual stress along a-axis only slightly 
changed. The values of the residual stress along a- and c- axes of AlN films approaching those 




2.4.3.1.26 Annealing temperature dependence on crystalline quality of thinner AlN films 
 
Fig. 66 AlN a) (0002) and b) (10–12) XRC-FWHM values of AlN films sputtered at oxygen partial 
pressures of 9.4×103 Pa and thickness of 200 nm on nitrided a-plane sapphire. Dash lines show the 
AlN a) (0002) and b) (10–12) XRC-FWHM of the AlN sputtered film before annealing. 
The summarize of AlN (0002) and (10–12) XRC-FWHM values of AlN films sputtered at 
oxygen partial pressure of 9.4×103 Pa and thickness of 200 nm on a nitrided a-plane sapphire 
before and after annealing at temperatures of 1773 – 1973 K were shown in figure 65. Both 
AlN (0002) and (10–12) XRC-FWHM values of AlN films after annealing at 1773 – 1973 K 
were higher than those of before annealing owing to dark spots (pit) formation that indicates 
AlN evaporation after annealing. The crystalline quality of AlN films after annealing at 1923 




2.4.3.2 Aluminum insertion layer 
2.4.3.2.1 Surface morphology of AlN with aluminum insertion layer 
 
Fig. 67 Surface images of the AlN films with thickness of 200 nm sputtered at oxygen partial 
pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with various time of aluminum sputtered layer. 
 
Figure 71 shows the surface morphology of the AlN films with various sputtering time of 
aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4 × 103 Pa and thickness of 200 nm on a-plane sapphire. The surface roughness 
value of each AlN film is shown in the bottom left. The surface roughness of AlN film is 
increase with increasing sputtering time of aluminum insertion layer. 
 
2.4.3.2.2 Crystalline orientation of AlN with aluminum insertion layer 
Fig 72. shows the crystalline orientation of the nitrided a-plane sapphire and the AlN films 
with thickness of 200 nm sputtered at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-
plane sapphire with various time of aluminum sputtered layer before and after annealing at 
1923 K. There were (111) and (222) of Al peak on the AlN films with aluminum sputtering 
time from 5-25 min. There was no  (111) and (222) of Al peak on the film on the nitride a-




Fig. 68 Crystalline orientation of the nitrided a-plane sapphire and the AlN films with thickness of 
200 nm sputtered at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with various 
time of aluminum sputtered layer before and after annealing at 1923 K. 
2.4.3.2.3 Lattice Constant of AlN with aluminum insertion layer 
The lattice constants a- and c-axis of the sputtered AlN films with various sputtering time of 
aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4 × 103 Pa and thickness of 200 nm. are shown in Figure 73. The lattice 
constant a of the AlN films increase from aluminum sputtering time 0 – 15 min and 
decrease.at 25 min. The lattice constant c decrease from aluminum sputtering time 0 – 15 




Fig. 69 Lattice constants a and c of sputtered AlN films with various sputtering time of aluminum 
insertion layer between substrates and AlN films deposited at oxygen partial pressures of 9.4 × 103 Pa 
and thickness of 200 nm. 
 
2.4.3.2.4 Residual stress of AlN with aluminum insertion layer 
The residual stresses along a- and c-axis of the sputtered AlN films with various sputtering 
time of aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4 × 103 Pa and thickness of 200 nm. are shown in Figure 74. The in-plane 
compressive residual stress along a-axis of the AlN films increase from aluminum sputtering 
time 0 – 15 min and decrease.at 25 min. The compressive residual stress along c-axis decrease 
from aluminum sputtering time 0 – 15 min and increase at 25 min. 
86 
 
Fig. 70 Tensile stresses along a- and c-axis of AlN films with various sputtering time of aluminum 
insertion layer between substrates and AlN films deposited at oxygen partial pressures of 9.4 × 103 Pa 
and thickness of 200 nm. 
 
2.4.3.2.5 XRC Profiles of of AlN with aluminum insertion layer 
Figures 75 shows the AlN (0002) and (10-10) XRC of nitride a-plane sapphire while figures 
76-79 show the AlN (0002) and (10-12) XRC of AlN films with various sputtering time of 
aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4 × 103 Pa and thickness of 200 nm. The shape of AlN (0002) XRC AlN films 
sputtered with aluminum sputtering time of 5, 15, and 25 min contained narrow and broad 
peaks. It indicates that the AlN films had 2 domains peak that have different tilted AlN normal 
to its surface (AlN c-axis direction). However, the evidence still remains not clear. The shape 
of AlN (10-12) XRC AlN films sputtered with aluminum sputtering time of 5, 15, and 25 min 
contained narrow and broad peaks in different ω angle position. The narrows peaks may refer 
to aluminum peak because there is no such narrow peak in the nitrided sapphire and AlN films 
sputtered with aluminum sputtering time of 0 min. 
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Fig. 71 AlN a) (0002) and b) (10-10) XRC profiles of a nitrided a-plane sapphire. 
 
 
Fig. 72 AlN a) (0002) and b) (10-12) XRC profiles of AlN film with 0 min. sputtering time of 
aluminum insertion layer between substrates and AlN film deposited at oxygen partial 




Fig. 73 AlN a) (0002) and b) (10-12) XRC profiles of AlN film with 5 min. sputtering time of 
aluminum insertion layer between substrates and AlN film deposited at oxygen partial 




Fig. 74 AlN a) (0002) and b) (10-12) XRC profiles of AlN film with 15 min. sputtering time 
of aluminum insertion layer between substrates and AlN film deposited at oxygen partial 




Fig. 75 AlN a) (0002) and b) (10-12) XRC profiles of AlN film with 25 min. sputtering time 
of aluminum insertion layer between substrates and AlN film deposited at oxygen partial 
pressures of  9.4×103 Pa with 200 nm thickness on nitrided a-plane sapphire. 
 
2.4.3.2.6 Crystalline quality of AlN with aluminum insertion layer 
Figure 80 shows The dependence of AlN (0002) and (10–12) XRC-FWHM of AlN films with 
thickness of 200 nm sputtered at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane 
sapphire with various time of aluminum sputtered layer before and after annealing at 1923 K.  
The AlN (0002) and (10–12) XRC-FWHM of sputtered films decreased with increasing 
aluminum sputtering time  
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Fig. 76 Crystalline orientation of AlN films with thickness of 200 nm sputtered at oxygen partial 
pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with various time of aluminum sputtered layer 
before and after annealing at 1923 K. 
 
2.4.3.2.7 Crystalline orientation of AlN with aluminum insertion layer before and after 
annealing at 1923 K 
Figure 81 shows the crystalline orientation of the nitrided sapphire and the AlN films with 
various sputtering time of aluminum insertion layer between substrates and AlN films 
deposited at oxygen partial pressures of 9.4 × 103 Pa and thickness of 200 nm. Before annealing 
there were (111) and (222) of Al peaks in 2θ–ω profiles. After annealing, the intensity of AlN 
(0002) peaks were higher and the peaks shifted toward higher angle approaching to 2θ angle 
of AlN bulk.  The (111) and (222) of Al peaks also disappear owing to diffusion into AlN 
phase. The (220) of Al peak (from the stage of holder) also appear due to the smaller sample 
used for annealing. Insertion of Al layer with 5, 15, and 25 minutes deposition correspond to 




Fig. 77 Crystalline orientation of the nitrided a-plane sapphire and the AlN films with thickness of 
200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with various 
time of aluminum sputtered layer before and after annealing at 1923 K. 
 
2.4.3.2.8 Crystalline quality of of AlN with aluminum insertion layer before and after 
annealing at 1923 K 
The AlN (0002) and (10–12) XRC-FWHM of sputtered AlN films with various sputtering time 
of aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4 × 103 Pa and thickness of 200 nm before and after annealing at 1923 K within 




Fig. 78 AlN a) (0002) and b) (10-12) XRC profiles of AlN layer sputtered at oxygen partial pressures 
of  9.4×103 Pa with 200 nm thickness on nitrided a-plane sapphire before (red) and after annealing at 
at 1923 K (blue). 
 
Fig. 79 a) AlN (0002) and b) (10–12) XRC-FWHM profiles of sputtered AlN films deposited at 5 
minutes aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4×103 Pa and thickness of 200 nm on a-plane sapphire before (red) and after annealing 






Fig. 80 a) AlN (0002) and b) (10–12) XRC-FWHM profiles of sputtered AlN films deposited at 15 
minutes aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4×103 Pa and thickness of 200 nm on a-plane sapphire before (red) and after annealing 
at 1923 K (blue). 
 
Fig. 81 a) AlN (0002) and b) (10–12) XRC-FWHM profiles of sputtered AlN films deposited at 25 
minutes aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4×103 Pa and thickness of 200 nm on a-plane sapphire before (red) and after annealing 
at 1923 K (blue). 
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2.4.3.2.9 Crystalline quality of of AlN with aluminum insertion layer before and after 
annealing at 1923 K 
Figure 86 shows AlN (0002) and (10–12) XRC-FWHM values of AlN films with thickness of 
200 nm sputtered at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with 
various time of aluminum sputtered layer before and after annealing at 1923 K. fter annealing 
at 1923 K, the AlN (0002) XRC-FWHM values increased at aluminum sputtering time of 0 
and 5 min and decreased at aluminum sputtering time of 15 and 25 min compared to those of 
before annealing. After annealing at 1923 K, the AlN (10–12) XRC-FWHM values were 
constant at aluminum sputtering time of 0 min and decreased at aluminum sputtering time of 
5 - 25 min compared to those of before annealing.  
 
Fig. 82 AlN (0002) and (10–10) XRC-FWHM value of nitrided a-plane sapphire and AlN (0002) and 
(10–12) XRC-FWHM values of sputtered AlN with thickness of 200 nm sputtered at oxygen partial 
pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with various time of aluminum sputtered layer 
before and after annealing at 1923 K. 
Figure 87 shows AlN (0002) and (10–12) XRC-FWHM values of AlN films with thickness of 
200 nm sputtered at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with 
various time of aluminum sputtered layer before, after annealing, and after face to face 
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annealing at 1923 K. After face to face annealing, the AlN (0002) XRC-FWHM increased at 
AlN films with aluminum sputtering time of 0 and 5 min, while at aluminum sputtering time 
of 25 min decreased compared to those values of before annealing. The (10–12) XRC-FWHM 
value were constant with aluminum sputtering time of 0 min deposition and decreased at 
aluminum sputtering time of 5 and 25 min. The values of (0002) and (10–12) XRC-FWHM at 
aluminum sputtering time of 0 min deposition after face to face annealing were almost constant 
with those of after annealing at 1923 K. However, the values of (0002) and (10–12) XRC-
FWHM at aluminum sputtering time of 5 and 25 min deposition after face to face annealing 
were higher compared to those of after annealing at 1923 K. 
 
 
Fig. 83 AlN (0002) and (10–10) XRC-FWHM value of nitrided a-plane sapphire and AlN (0002) and 
(10–12) XRC-FWHM values of sputtered AlN with thickness of 200 nm sputtered at oxygen partial 
pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with various time of aluminum sputtered layer 
before, after annealing, and after face to face annealing at 1923 K. 
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2.4.3.3 Crystal plane of sapphire substrate   
2.4.3.3.1 a-plane and c-plane sapphire substrate dependence on surface morphology of 
AlN 
 
Fig. 84 Surface morphology of the AlN films with various sputtering condition of aluminum insertion 
layer between substrates and AlN films deposited at oxygen partial pressures of 9.4 × 103 Pa and 
thickness of 200 nm on a-plane and c-plane sapphire. 
Figure 88 shows the surface morphology of the AlN films with various sputtering time of 
aluminum insertion layer between substrates and AlN films deposited at oxygen partial 
pressures of 9.4 × 103 Pa and thickness of 200 nm on a-plane and c-plane sapphire. The 
surface roughness value of each AlN film is shown in the bottom left. The surface morphology 
of the AlN films sputtered on c-plane sapphire always have lower surface roughness than those 
of on a-plane sapphire. 
2.4.3.3.2 a-plane and c-plane sapphire substrate dependence on  crystalline orientation 
of AlN 
Figure 89 shows the crystalline orientation of the nitrided sapphire and the AlN films with 
thickness of 200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on a) a-plane sapphire 
and b) c-plane sapphire with various time of aluminum sputtered layer before and after 
annealing at 1923 K. Before annealing there were (111) of Al peak in 2θ–ω profile of AlN 
films both on a-plane and c-plane sapphires.  
After annealing, the intensity of AlN (0002) peaks were higher and the peaks shifted toward 
higher angle approaching to 2θ angle of AlN bulk. The (220) of Al peak (from the stage of 
holder) also appear due to the smaller sample used for annealing.  
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Fig. 85 Crystalline orientation of the nitrided sapphire and the AlN films with thickness of 200 nm 
deposited at oxygen partial pressures of 9.4 × 103 Pa on a) a-plane sapphire and b) c-plane sapphire 




2.4.3.3.3 a-plane and c-plane sapphire substrate dependence on crystalline quality of 
AlN 
Figure 90 summarizes the crystalline quality values of tilt (0002) and twist (10–10) component 
of nitrided sapphire and tilt (0002) and twist (10–12) component of AlN films with thickness 
of 200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided a) a-plane and b) 
c-plane sapphire with various time of aluminum sputtered layer before and after annealing at 
1923 K. For as sputtered AlN films, the tilt (0002) and twist (10–12)  values of AlN with 
thickness of 200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane 
was lower than those on c-plane sapphire with 5 min deposition of aluminum sputtered layer. 
It is still difficult to explain the reason and more investigations are needed.  However the tilt 
(0002) and twist (10–12)  values of AlN with thickness of 200 nm deposited at oxygen partial 
pressures of 9.4 × 103 Pa on nitrided a-plane was higher than those on c-plane sapphire with 
25 min deposition of aluminum sputtered layer. After annealing at 1923 K. , the crystalline 
quality of AlN films with thickness of 200 nm deposited at oxygen partial pressures of 9.4 × 
103 Pa on nitrided a-plane was higher than those on c-plane sapphire with 5 min deposition of 
aluminum sputtered layer. After annealing at 1923 K, the crystalline quality of AlN films with 
thickness of 200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane 
was lower than those on c-plane sapphire with 25 min deposition of aluminum sputtered layer. 
 
Fig. 86 AlN (0002) and (10–10) XRC-FWHM values of nitrided sapphire and AlN (0002) and (10–
12) XRC-FWHM sputtered AlN films with thickness of 200 nm deposited at oxygen partial pressures 
of 9.4 × 103 Pa on nitrided a) a-plane and b) c-plane sapphire with various time of aluminum sputtered 
layer before and after annealing at 1923 K.  
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2.4.3.3.4 a-plane and c-plane sapphire substrate dependence on XRC Profile of AlN 
Fig. 91-94 show the XRC profiles of AlN (0002) and (10–12) components of AlN films with 
thickness of 200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided a- or c-
plane sapphire with 5 - 25 min deposition of aluminum sputtered layer before (red) and after 
annealing at 1923 K (blue). The shape of the tilt (0002) and twist (10–12) components of AlN 
on a-plane sapphire after annealing is narrower and become single peak than before annealing. 
However, the peak of twist component of AlN using c-plane sapphire contain split peak which 




Fig. 87 a) AlN (0002) and b) (10–12) XRC-FWHM profiles of sputtered AlN films with thickness of 
200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with 5 min 




Fig. 88 a) AlN (0002) and b) (10–12) XRC-FWHM profiles of sputtered AlN films with thickness of 
200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided a-plane sapphire with 25 min 
deposition of aluminum sputtered layer before (red) and after annealing at 1923 K (blue). 
 
Fig. 89 a) AlN (0002) and b) (10–12) XRC-FWHM profiles of sputtered AlN films with thickness of 
200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided c-plane sapphire with 5 min 




Fig. 90 a) AlN (0002) and b) (10–12) XRC-FWHM profiles of sputtered AlN films with thickness of 
200 nm deposited at oxygen partial pressures of 9.4 × 103 Pa on nitrided c-plane sapphire with 25 min 
deposition of aluminum sputtered layer before (red) and after annealing at 1923 K (blue). 
2.5 Discussion 
2.5.1 Modelling of oxygen addition into AlN films 
2.5.1.1 Polarity inversion 
Figure 95 shows the schematic of the polarity inversion model which was developed by Adachi, 
et al.2.9. In this schematic, the polarity inversion starts with a substitution of nitrogen atoms by 
oxygen atoms at the surface of the nitrided a-plane sapphire layer. Consequently, some of 
aluminum sites become vacant to maintain an electrical neutrality. Thereafter, oxygen atoms, 
aluminum atoms, and aluminum vacancies form a symmetrical octahedral structure as 
proposed by Youngman and Harris2.30 which resets the polarity of the AlN. Therefore, a 
chemically stable aluminum (+c)-polar AlN was achieved by sputtering at oxygen partial 
pressure of 9.4×103 Pa. AlN sputtered at oxygen partial pressure of 9.4×103 Pa only undergo 
the polarity inversion once because the AlN become stable with polarity inversion from 
nitrogen (-c)-polar AlN to aluminum (+c)-polar AlN. 
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Fig. 91 Schematic of the polarity inversion model shows oxygen atoms incorporation at the 
surface of the nitrided a-plane sapphire layer. 
 
The in-plane crystallographic relationship between a-plane sapphire and AlN film sputtered 
at lowest oxygen partial pressure of 5.0×10-10 Pa in this study is almost the same with that of 
AlN film sputtered at 600 W in our previous paper that developed by Takeuchi et al2.20 due to 
the same sputtering condition. However, the AlN film sputtered at oxygen partial pressure of 
5.0×100 Pa and 9.4×103 Pa contained a twisted 30º AlN domain. Thus, the in-plane 
crystallographic relationship between a-plane sapphire and twisted 30º AlN is also shown.  
The interface between nitrided a-plane sapphire substrate and AlN film is restricted, thus 
the volume of AlN film is assumed to be restricted. As the consequence, in a response to the 
decrease of lattice constant a, the lattice constant c has to be increased in order to achieve the 
restricted volume of AlN.  
The crystalline quality of AlN film has a relation with lattice misfit. Commonly, lower 
lattice misfit leads to higher crystalline quality. However, the crystalline quality of AlN 
sputtered at oxygen partial pressure of 9.4×103 Pa increase although the lattice misfit increase 




2.5.1.2 Effect of oxygen partial pressure 
In sputtering, when applying negative charge in the cathode (Al target), the electron moves 
fast to the anode (substrate) inside the sputtering chamber. The electron reacts with Ar atom 
during its movement resulting Ar+ and e-. The Ar+ then strikes Al target which is charged 
negatively resulting Al sputtered atom. In the other hand, e- was trapped in an electromagnetic 
field by magnetron and react with another Ar atom. When sputtered at highest oxygen partial 
pressure of 9.4×103 Pa, the polarity inversion occurred from from nitrogen (-c)-polar to 
aluminum (+c)-polar AlN. Thus, since the crystalline quality of Al polar is better than N polar 
AlN, the crystalline quality of AlN film sputtered at highest oxygen partial pressure of 9.4×103 
Pa increase. In addition, figure 96 shows the schematic of the sputtering phenomena at (a) low 
and (b) high oxygen partial pressure. Increasing the oxygen partial pressure means increasing 
the number of O atom and decreasing the number of Ar atom in the mixture gas. When 
sputtered AlN film at highest oxygen partial pressure of 9.4×103 Pa, there was less number of 
Ar atom in the sputtering chamber. The decrease of the number of Ar atom decrease the number 
of Al sputtered atom that leads to decrease the collision of Al sputtered atom with other Ar, O, 
N, or another Al atoms. As the consequence, the Al sputtered atoms have higher energy than 
those in low oxygen partial pressure. The higher energy of Al sputtered makes AlN mobility 
near the growing surface higher. Thus, the crystalline quality will increase. The growth rate of 
AlN is almost stable regardless with the increase of oxygen partial pressure owing to the same 
sputtering power of 600 W and composition of Ar-50 vol% N2 mixture gas. The growth rate of 
AlN is affected by other sputtering parameters like sputtering power2.20 and N2 gas flow ratio2.31.  
 
Fig. 92 Schematic of the sputtering phenomena at (a) low and (b) high oxygen partial pressure. 
 
The length of the arrows in Fig. 96 represent the energy of Al sputtered atom. The high 
energy of Al sputtered atom makes in-plane "tensile" stress on the growing surface of AlN 
owing to “peening effect” by bombardment of Al atoms. Because the substrate is restricted, the 
in-plane compressive stress occurs in the interface of AlN and nitrided sapphire. Moreover, the 
residual compressive stress in the interface is also comes from thermal coefficient different 
during cooling. Thermal coefficient of sapphire is higher than AlN, thus the sapphire shrinks 
more. As the consequence, the in-plane compressive stress occurs in the interface.  
The increase of number of O atom leads to increase the collision between Al atom with O 
atom, thus decrease the energy of Al sputtered atom. The 2-dimensional growth occurs at high 
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oxygen partial pressure indicates that there is still higher energy of Al sputtered atom at high 
oxygen partial pressure.  
AlN sputtered at oxygen partial pressure of 9.4×103 Pa has high oxygen impurity owing to 
an increase of the number of oxygen atom in chamber and higher kinetic energy of O atom 
after collision with high energy Al atom. Thus, the energy of sputtered Al atom is mainly 
affected the number of Al atom rather than the number of O atom. The O atom has smaller 
atomic radius (0.06 nm) 2.24 than N atom (0.07 nm) 2.25. In addition, O atom also has higher 
affinity than N atom. As a result, when O substituted N, lattice constant a decreased. Because 
of the interface between sapphire and AlN is restricted (in-plane direction) and the growth rate 
of AlN films are almost the same (normal to surface direction), it indicates the AlN films have 
the same volume. Therefore, when lattice constant a decrease, lattice constant c has to be 
increased to occupy the same volume. Using young's modulus, the decrease in lattice constant 
a indicates the increase of in-plane compressive stress value. The in-plane compressive residual 
stress along a-axis of the AlN films increases and the compressive residual stress along c-axis 
decreases with increasing the oxygen partial pressure owing to high kinetic energy of Al 
sputtered atoms that leads high impact bombardment of Al sputtered atom (increase the peening 
effect). Therefore, increasing the oxygen partial pressure leads to increase of in-plane 
compressive stress along a-axis and increase tensile stress along c-axis. Additionally, the 
residual stress is likely relaxed by 3-dimensional growth AlN, when sputtered at low oxygen 
partial pressure. The mobility of sputtered Al atom increased owing to its high kinetic energy 
leading to higher crystalline quality and 2-dimensional growth of AlN film when sputtering at 
high oxygen partial pressure. The crystalline quality was affected by the polarity of AlN film. 
Although lattice misfit increased when sputtered at the highest oxygen partial pressure of 
9.4×103Pa, the crystalline quality increased owing to polarity inversion from nitrogen (-c)-
polar to aluminum (+c)-polar AlN. 
 
 
2.5.2 Annealing of AlN films 
The AlN (0002) and (10–12) XRC-FWHM values of AlN films decrease with increasing 
annealing temperature from 1773 - 1923 K owing to more energy is required for diffusion and 
rearrangement of atoms of AlN. However, annealing at 1973 K leads to increase the AlN 
(0002) and (10–12) XRC-FWHM values owing to evaporation of AlN. In addition, the γ-AlON 
was formed after annealing AlN films at 1973 K. However, the AlN (0002) and (10–12) XRC-
FWHM values of AlN films after annealing at temperature from 1773 - 1923 K are still higher 
than those of before annealing owing to high residual stresses along a- and c-axis by peening 
effect exist the film that may generate dislocation during annealing. The residual stress also 
assumed came from the restricted area of the interface of sapphire substrate and AlN nitrided 
layer. It can be also considered that after annealing, the AlN was evaporated and leave some 
pits on the surface of the films as the evaporation path that may degrade AlN (0002) and (10–




2.5.2.1 Effect of thickness of AlN film 
Increasing the thickness of AlN film from 200 nm to 1300 nm leads to increase the residual 
"tensile" stress along c-axis and "compressive" stress along a-axis by "peening effect" 
(bombardment of the atoms to substrate surface) during sputtering in AlN film. Moreover, AlN 
film with 1300 nm thickness had AlN layer that contained 2 layers: bottom and upper layer. 
Bottom layer part is single crystal AlN and contain high residual stress. The upper layer is 
polycrystalline AlN. Generally speaking, the AlN (0002) XRC-FWHM value of sputtered AlN 
films increase with increasing thickness of AlN films. Thus, AlN was slightly tilted as it is 
growing during sputtering.  However, the AlN (10–12) XRC-FWHM is independent with AlN 
thickness.   
 
2.5.2.2 Effect of aluminum insertion layer 
The AlN (0002) and (10–12) XRC-FWHM values of sputtered AlN films with aluminum layer 
insertion were higher than those without aluminum layer due to surface roughening caused by 
aluminum insertion layer. The AlN was tilted with surface roughening. The twist component 
AlN (10-12) is not pure twist component as AlN (10-10). It is mixed between AlN (10-10) and 
AlN (0002). The value of AlN (10–12) XRC-FWHM is also affected by the tilt component. 
Thus since the AlN (0002) increased by surface roughening, the twist component of AlN (10-
12) also increased. The aluminum layer act as the "wetting" agent that has metallic bond which 
is weaker than ionic bond ceramic that let the twist component rotate easier during annealing. 
However, both of tilt and twist component values were higher than those without aluminum 
layer. 
 
2.5.2.3 Effect of substrates 
Figure 972.32 a) shows schematic of AlN on c-plane sapphire. In a c-plane sapphire, hexagonal 
c-axis of sapphire is parallel to that of AlN. This make AlN easy to rotate and form the twist 
movement. This makes it easy for AlN to rotate around the surface normal to form a large in-
plane twist degree (edge TDs). Figure 97 b) shows schematic of AlN on an a-plane sapphire. 
In an a-plane sapphire, the hexagonal c-axis of sapphire is perpendicular to that of AlN. This 
make twist component of AlN using a-plane sapphire hard to rotate so the XRC-FWHM of the 
twist component will decrease. Unfortunately, the XRC-FWHM of the tilt component of AlN 





Fig. 93 Schematic of AlN on an a) c- and b) a-plane sapphire. 
 
The relationship between the a-plane sapphire substrate and the AlN film sputtered at oxygen 
partial pressure of 5.0×100 Pa (point 1 and 4) in Fig. 22 is summarized below: 
AlN {0001} // sapphire {11-20}, (6) 
AlN <1-100> // sapphire <0001> (7) 
AlN <11-20> // sapphire <-1100> (8) 
 
However, AlN film sputtered at oxygen partial pressure 5.0×100 Pa (point 2, 3 and 5) in Fig. 
22 and AlN film sputtered at oxygen partial pressure 9.4×103 Pa in Fig. 23 have an AlN domain 
that has twisted rotation of 30 º with AlN domain above. The relationship is : 
AlN {0002} // sapphire {11-20}, (9) 
AlN <11-20> // sapphire <0006>, (10) 
AlN <1-100> // sapphire <-1100>, (11) 
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Thus, the schematic of of in-plane crystallographic relationship between the 30 ° rotated AlN 
sputtered film and the c-plane sapphire substrate is shown in fig 98. The in-plane 
crystallographic relationship is depend on the polarity of AlN.  
 
 
Fig. 94 In-plane crystallographic relationship between the AlN sputtered film and the a-plane sapphire 
substrate with 30 ºrotation. 
 
The relationship between the c-plane sapphire substrate and the AlN sputtered film is 
summarized below: 
AlN {0001} // sapphire {0001}, 
AlN <-1100> // sapphire <11-20>,  
the schematic of in-plane crystallographic relationship between the AlN sputtered film and 
the c-plane sapphire substrate is shown in Fig 99. 
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Fig. 95 In-plane crystallographic relationship between the AlN sputtered film and the c-plane sapphire 
substrate. 
 
There is a possibility that the AlN will rotate 30 ° which has the in-plane crystallographic 
relationship as below: 
AlN {0001} // sapphire {0001}, 
AlN <11-20> // sapphire <11-20>,  
Thus, the schematic of of in-plane crystallographic relationship between the 30 ° rotated AlN 
sputtered film and the c-plane sapphire substrate is shown in Fig 100. 
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Fig. 96 In-plane crystallographic relationship between the AlN sputtered film and the c-plane sapphire 
substrate with 30 º rotation. 
 
Thermal coefficient of sapphire (7.3×10-6 K-1 along a-axis and 8.2×10-6 K-1 along c-axis at 823 
K) is higher than those of AlN (3.6×10-6 K-1 along a-axis and 4.1×10-6 K-1 along c-axis at 823 
K)2.33, 2.34. For sapphire substrate, the thermal expansion coefficient that parallel to its c-axis is 
larger than that of perpendicular to its c-axis. Thus, thermal strain of AlN on a-plane sapphire 
should be higher in the sapphire [0001] direction. For example, the lattice spacing d1-100 or d11-
20 of AlN that parallel to sapphire [0001] will increase higher than those of lattice spacing of 
AlN in sapphire [-1100] direction. Consequently, the anisotropic in-plain thermal strain of AlN 
occurred in the result of lattice spacing distortion. The interface of sapphire and AlN is 
restricted, the expansion of the AlN film along the in-plane direction is limited. Therefore, the 
AlN film is compressed along the in-plane direction of AlN. In the contrary, the AlN {0001} 
on c-plane sapphire is parallel with sapphire {0001}. Thus, the thermal expansion coefficient 
of c-plane sapphire in c-axis direction will only affect the thermal strain of AlN along c-axis 
of AlN. Thus, the thermal strain of AlN along c-axis direction of AlN is higher than those of 
along a-axis direction. Since the interface of sapphire and AlN is restricted, the expansion of 
the AlN film along the in-plane direction is limited. Therefore, the AlN film is compressed 
along the in-plane direction of AlN. However, the lattice spacing of AlN along in-plane 
direction on the c-plane sapphire is larger than that of on the a-plane sapphire. It indicates that 
AlN film on a-plane sapphire has higher compressive residual stress in in-plane direction than 
those of on c-plane sapphire. That means the residual “tensile” stress along in-plane direction 
in AlN film on c-plane is higher. Consequently, the edge dislocation in AlN film on c-plane 
sapphire is easier to occur. Thus, the AlN (10-12) XRC-FWHM value of AlN on c-plane 
sapphire is tend to be higher than those of on a-plane sapphire. 
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2.6 Conclusion 
In the present study, the effect of oxygen partial pressure modification on surface morphology, 
residual stress, crystalline quality, and polarity of AlN films deposited by pulsed DC reactive 
sputtering was investigated. The c-axis oriented AlN films were grown on the nitrided a-plane 
sapphire substrates homoepitaxially at oxygen partial pressures of 5.0×10-10 - 9.4×103 Pa. The 
oxygen partial pressure affected the crystalline quality and residual stress of sputtered AlN 
films due to due to the polarity inversion from nitrogen (-c)-polar to aluminum (+c)-polar AlN 
by sputtering at high oxygen partial pressure of 9.4×103 Pa. In addition, the different of the 
number of Ar atoms in the mixture gases leads to different number and the energy of sputtered 
Al atoms when sputtering. The surface morphology of AlN film sputtered at oxygen partial 
pressure of 9.4×103 Pa had a smooth surface and independent from the surface morphology of 
the nitrided sapphire. The crystalline quality was affected by the polarity of AlN film. Although 
lattice misfit increased when sputtered at the highest oxygen partial pressure of 9.4×103Pa, the 
crystalline quality increased owing to polarity inversion from nitrogen (-c)-polar to aluminum 
(+c)-polar AlN. The polarity of AlN film sputtered at oxygen partial pressure of 9.4×103 Pa 
was independent with the thickness of AlN film. However, the residual stress was changed 
with increasing the thickness of AlN films owing to "peening effect" (the bombardment of 
atom to the surface of growing AlN film) during sputtering. AlN with thickness of 1300 had 
high compressive residual stress in in-plane direction. AlN with the thickness of 1300 nm has 
2 layers: upper and bottom layer. Bottom layer part is single crystal AlN and contain high 
residual stress. The upper layer is polycrystalline AlN.  The crystalline quality was also 
changed with increasing the thickness of AlN films owing to different atoms rearrangement.  
For the 200 nm-thick AlN film sputtered at the high PO2, the full width at half-maximum values 
of the AlN (0002) and (10–12) X-ray diffraction rocking curves were 47 and 637 arcsec, 
respectively. Based on the XRC-FWHM, the screw and edge dislocation densities of the 200 
nm-thick AlN film sputtered at the highest PO2 were estimated to be 4.8×10
6 and 2.3×109 cm-
2, respectively. These estimated values of the 200 nm-thick AlN sputtered film were lower than 
mixed and edge dislocation densities (estimated from the TEM images to be 109 and 1010 cm2, 
respectively) in the 200 nm-thick AlN film sputtered with a power of 900 W using 50 vol%N2 
at 823 K on the c-plane nitride sapphire.2.35 The 200 nm-thick AlN film sputtered at the highest 
PO2 had the same order of the estimated edge dislocation. density (10
9 cm-2) with that of the 
AlN layer grown by LPE using N2 gas with a PO2 of 10
-1 Pa at a N2 flow rate of 20 sccm and a 
Ga–40 mol%Al flux for 5 h at 1573 K on the nitrided c-plane sapphire.2.36 The Sq values for 
the 200 and 300 nm-thick AlN films sputtered at the highest PO2 were 0.92 and 1.20 nm, 
respectively. These values were smaller than that of the 1300 nm-thick AlN film sputtered at 
the same PO2 (Sq = 1.80 nm). The etching behaviors of 200 and 300 nm-thick AlN films 
sputtered at highest PO2 were the same with that of the 1300 nm-thick film, which indicated 
aluminum (+c) polar AlN. The 200 and 300 nmthick AlN films had no AlN islands (which 
may indicate the 2D growth mode) and no polycrystalline part, but still exhibited some residual 
stresses along the a- and c-axes of the AlN. The best crystalline quality of AlN films after 
annealing was achieved at 1923 K.  Below 1923 K, there were not enough energy to let atoms 
in AlN film diffuse and rearrange themselves. At 1973 K, there was too high energy to release 
residual stress that leads to dislocation generation. In addition, at 1973 K the γ-AlON was 
formed. Face to face annealing effect was not significant in improving the crystalline quality 
of AlN film in this study. Aluminum insertion layer improved the crystalline quality of twist 
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component of AlN sputtered film after annealing owing to AlN become easier to move in in-
plane direction during annealing. The aluminum layer act as the "wetting" agent that has 
metallic bond which is weaker than ionic bond ceramic that let the twist component rotate 
easier during annealing. However, after annealing, both of tilt and twist component values were 
higher than those without aluminum layer owing to higher surface roughness of AlN films with 
Al insertion layer before annealing. The crystalline quality of AlN on aluminum layer on an a-
plane sapphire after annealing were almost constant while those on c-plane sapphire had better 
crystalline quality when sputtered with 5 min deposition of aluminum insertion layer and worse 
crystalline quality when sputtered with 25 min deposition of aluminum insertion layer owing 
to different in-plane crystallographic relationship between sapphire and AlN. The different in-
plane crystallographic leads to different high residual "compressive" stress in in-plane 
direction by thermal in-plane strain from sapphire along c-axis of sapphire direction. AlN on 
a-plane sapphire anisotropic lattice constant a that leads to higher "compressive" stress in in-
plane direction than those of c-plane sapphire. 
References 
[2.1] Ito, T., Sakamoto, R., Isono, T., Yao, Y., Ishikawa, Y., Okada, N., and Tadatomo, K. 
Phys. Stat. Sol. B, 1900589-1–1900589-6 (2020). 
[2.2] V. Kueller, Knauer, A., Brunner, F., Mogilatenko A., Kneissl, M., Weyers, M. Phys. Stat. 
Sol. C 9, 496–498 (2012). 
[2.3] Paduano, Q., Weyburne, D. Jpn. J. Appl. Phys. 44, L150–L152 (2005). 
[2.4] H. Fukuyama, et al., J. Appl. Phys., 107, 043502-1–043502-7, (2010). 
[2.5] Adachi, M., Sugiyama, M., Tanaka, A., and Fukuyama, H. Mater. Trans. 53, 1295–1300 
(2012). 
[2.6] Hirayama, H., Yatabe, T., Noguchi, N., Ohashi, T., and Kamata, N. App. Phys. Let. 91, 
071901-1–071901-3 (2007). 
[2.7] Ohba, Y. and Sato, R. J. Crys. Growth 221, 258–261 (2000). 
[2.8] Reentilä, O., Brunner, F., Knauer, A., Mogilatenko, A., Neumann, W., Protzmann, H., 
Heuken, M., Kneissl, M., Weyers, M., and Tränkle, G. J. Crys. Growth 310, 4932–4934 (2008). 
[2.9] Adachi, M., Takasugi, M., Sugiyama, M., Iida, J., Tanaka, A., and Fukuyama, H. Phys. 
Status Solidi B 252, 743–747 (2015). 
[2.10] Wong, M. H., Wu, F., Speck, J. S., and Mishra, U. K. J. App. Phys. 108, 123710-1–
123710-6 (2010).  
[2.11] Grandjean, N., Dussaigne, A., Pezzagna, S., and Vennèguès, P. J. Crys. Growth 251, 
460–464 (2003). 
[2.12] Wong, M. H., Wu, F., Mates, T. E., Speck, J. S., and Mishra, U. K. J. App. Phys. 104, 
093710-1–093710-6 (2008). 
112 
[2.13] M. D. Brubaker, S. M. Duff, T. E. Harvey, P. T. Blanchard, A. Roshko, A. W. Sanders, 
N. A. Sanford, and K. A. Bertness, Cryst. Growth Des. 16, 596−604 (2016). 
[2.14] B. D. Cullity, Elements of X-Ray Diffraction (Addison Wesley, Massachusetts, 1978), 
p. 462. 
[2.15] H. Kröncke, S. Figge, D. Hommel, and B. M. Epelbaum, Acta Phys. Pol. A 114, 1193-
1200 (2008). 
[2.16] D. Gerlich, S. L. Dole, and G. A. Slack, J. Phys. Chem. Solid 47, 437-441 (1986). 
[2.17] M. Novak, F. Lofaj, and P. Hviscova, Powder Metall. Prog. 13, 132-138 (2013). 
[2.18] H. Morkoc, Handbook of Nitride Semiconductors and Devices (Wiley-VCH, Weinheim, 
2008), p. 67. 
[2.19] E. R. Dobrovinskaya, L. A. Lytvynov, and V. Pishchik, Sapphire Material, 
Manufacturing, Applications (Springer, New York, 2009), p. 109. 
[2.20] H. Takeuchi, M. Ohtsuka, and H. Fukuyama, Phys. Status Solidi B 252, 1163–1171 
(2015). 
[2.21] Y. Taniyasu, M. Kasu, and T. Makimoto, J. Crys. Growth 298, 310–315 (2007). 
[2.22] V. M. Kaganer, O. Brandt, A. Trampert, and K. H. Ploog, Phys. Rev. B 72, 045423-1-
045423-12 (2005).  
[2.23] Y.-Y. Wong, E. Y. Chang, T.-H. Yang, J.-R. Chang, J.-T. Ku, M. K. Hudait, W.-C. 
Chou, M. Chen, and K.-L. Lina, J. Electrochem. Soc. 157, H746-H749 (2010). 
[2.24] J. Neve, J. Rundgrent and P. Westrintt, J. Phys. C: Solid State Phys. 15, 4391-4401 
(1982). 
[2.25] F. Shimura and R. S. Hockett, Appl. Phys. Lett. 48 (3), 224-226 (1986). 
[2.26] Y. Li, Z. Liu, J. Yang and Y. Chen, J. Phy. : Conference Series 419, 012028-1-012028-
7 (2013)  
[2.27] T. Saotome, K. Ohashi, T. Sato, H. Maeta, K. Haruna and F. Ono, J. Phys. : Condens. 
Matter 10, 1267–1272 (1998).  
[2.28] M. Ohtsuka, H. Takeuchi, and H. Fukuyama, Jpn J. App. Phys. 55, 05FD08-1-05FD08-
5 (2016).  
[2.29] H. Fukuyama, H. Miyake, G. Nishio, S. Suzuki, and K. Hiramatsu.  Jpn J. App. Phys. 
55, 05FL02-1-05FL02-5 (2016). 
113 
[2.30] R. A. Youngman and H. Harris, J. Am. Ceram. Soc. 73, 3238-3246 (1990). 
[2.31] T. Kumada, M. Ohtsuka, and H. Fukuyama, Phys. Status Solidi C9, 515-518 (2012). 
[2.32] J. Wu, K. Okuura, H. Miyake, and K. Hiramatsu, J. Appl. Phys. Express 2, 111004-1-
111004-3 (2009). 
[2.33] J. R. Mileham, S. J. Pearton, C. R. Abernathy, J. D. MacKenzie, R. J. Shul and S. P. 
Kilcoyne, Appl. Phys. Lett. 67, 1119-1121 (1995). 
[2.34] D. Zhuang, J. H. Edgar, B. Strojek, J. Chaudhuri, Z. Rek, J. Crys. Growth 262, 89–94 
(2004). 
[2.35] T. Kumada, M. Ohtsuka, and H. Fukuyama, AIP Adv. 5, 017136-1–017136-12 (2015).  
[2.36] M. Adachi, M. Takasugi, D. Morikawa, K. Tsuda, A. Tanaka, and H. Fukuyama, Appl. 





Chapter 3 Substitution Reaction Experiment 
3.1 Introduction 
The PVT technique has been established as one of AlN bulk fabrication methods. The PVT 
technique requires an AlN source and a high growth temperature of approximately 2473 K, 
which consumes a lot of energy and can be expensive. By lowering the growth temperature, a 
green AlN manufacturing process can be achieved with a reasonable cost. 
Currently, Commercial GaN bulk has been widely available from several companies and 
institutions. There has been a tremendous amount of research on GaN. It has already been 
grown and investigated by the HVPE method36,37, ammonothermal method38,39, Na flux 
method40-43 and high-pressure solution growth method as reported in a review by Amano. 
However, AlN is still difficult to be fabricated. Using GaN substrate to easily obtain AlN is 
interesting. 
To determine a novel technique for growing high-quality AlN to increase the possibility of 
further developments, here, we introduce a substitution reaction method. In this method, an Al 
layer deposited on a GaN substrate is used as a precursor, and AlN is obtained by the interfacial 
reaction between Al and GaN. The substitution reaction method in this study consists of only 
Al deposition on a GaN substrate by a sputtering technique and heat treatment process, which 
provides some benefits such as low AlN growth temperature, compared with the sublimation 
method (2473 K), and a simple and easy process. This study introduces the details of the 







Fig. 3.1 Schematic diagram of the substitution method. 
 
In this study, the GaN to AlN conversion is attempted by substitution of Ga atoms by Al 
atoms in the GaN structure (see fig. 3.1). Figure 3.2 shows a schematic diagram of the 
substitution method. This process starts with an Al layer deposited on a GaN bulk crystal, as 
shown in figure 3.2 (left). AlN is thermodynamically more stable than GaN. Ga atoms in the 
GaN can be substituted by Al atoms during heating the sample in an inert gas atmosphere. Thus, 
an AlN layer forms at the Al/GaN interface by the substitution reaction (1). This process 
proceeds with time by atomic diffusion through the AlN layer. The driving force of the reaction 
and mass transport can be controlled by selecting the temperature.  
 
Al (l) + GaN (s) ⇄ AlN (s) + Ga (l) (1) 
 
However, the starting temperature of the above substitution reaction is still unkown. To 








3.3.1 Sample Preparation 
Al films were deposited on Ga-polar GaN substrates using magnetron pulsed DC sputtering 
(Shimadzu, HSR552). An Al target (High Purity Chemicals, diameter: 101.6 mm, purity: 
99.999 mass%) was used. A pulsed DC power of 600 W (Advanced Energy, Pinnacle Plus +10 
kW) was used with a frequency of the pulse of 100 kHz and a duty cycle of 60%. The square-
wave pulse type was chosen. The distance between the target and the GaN substrate was 60 
mm. The Ar gas (99.9999% purity) equipped with an oxygen filter (Nanochem Purifilter; 
Matheson PF-25 Serial number P02241) was introduced into the chamber with a flow rate of 
1.7 × 10−4 L/s (10 sccm) and the total pressure was maintained at 0.6 Pa during sputtering. The 
oxygen filter removed NOx, SOx, H2S, <0.1 ppb of H2O, O2, CO2, <1 ppb of CO, and <0.1 ppb 
of non-methane hydrocarbons from the argon gas. The growth temperature was fixed at 298 K. 
The sputtering time was 27 min that corresponded to 7.6-μm-thick Al on Ga-polar GaN 
substrates (Suzhou Nanowin Science and Technology Co. Ltd., size: 10 × 10.5 mm2, thickness: 
350 ± 25 μm, crystal orientation: c-plane (0001), off-angle toward m-axis: 0.35° ± 0.15°, 
resistivity at 300 K: <0.1Ω · cm, surface roughness of the front surface: Ra＜0.2 nm). 
3.3.2 Thermogravimetry–Differential Scanning Calorimetry 
The starting temperature for GaN dissociation was determined by a TG-DSC (Netzsch, STA 
449 F3 Jupiter) measurement. The purge Ar gas with a flow rate of 50 mL/min and protective 
Ar gas with a flow rate of 20 mL/min at 1673 K were used. The total pressure was maintained 
at 0.1 MPa. The heating rate was kept at 1.67 × 10−1 K/s (10 K/min). Al wire standard material 
(Netzsch Gerätebau GmbH 99.999 mass%, diameter: 1.0 mm) and Al/GaN samples were 
heated to around 1673 K, then cooled to room temperature and then held there for 20 min. GaN 
sample was heated to 1673 K, cooled to 873 K and then kept at 873 K for 10 min. This 
procedure was repeated, and the sample was cooled to room temperature. The baselines using 
an empty cell were also measured.  
 
3.3.3 Substitution Reaction Experiment 
3.3.3.1 Cu Heating Experiment for Equipment Calibration 
In order to calibrate the equipment, a Cu heating experiment was performed. The Cu melting 
point is known at 1358 K3.1. The displayed temperature was corrected by observing the melting 
of Cu at its melting point.  
3.3.3.1.1 Sample preparation 
A single sided polished c-plane sapphire substrate (diameter 50 mm thickness 400 m) was cut 
into 3 mm × 4 mm. Using a Kapton tape, the substrate was covered so as to expose only a part 
of the substrate, and Cu was deposited using a vacuum evaporation apparatus (JEOL JEE 400). 
The distance between the substrate and the deposition source was 55 mm, the current was 30 
A, and the deposition was performed for 3 minutes. After the deposition, the film thickness 
was measured to be about 400 nm.  
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Fig. 3.3 Cu deposition apparatus. 
3.3.3.1.2 Cu on c-plane Sapphire Substrate Heating Experiment 
The prepared sample was placed on a sapphire holder and placed in a microscope optic with a 
heating stage. The heating was performed to 1373 K and 10 minutes keeping at 1373 K with 
the heating and cooling rates of 10 K/min.  
3.3.3.2 Substitution Reaction Experiment 
Figure 3.4 shows a schematic diagram of the experimental setup for the substitution reaction 
experiment. The high temperature microscopy consists of an Olympus metal microscope 
(BX5IM) and a Linkam high temperature stage (10042D). In addition, a CCD camera 
(AxioCam: MRe) connected to a personal computer is attached to the microscope, and it is 
possible to observe and save images in real time. The objective lens of the microscope uses 
SLCPlanFI (magnification ×40). The Al/GaN sample was placed upside-down inside the high 
temperature stage. After the inside of the high temperature stage was evacuated to about 2 Pa 
by a rotary pump, argon gas was flown at 30 mL/min at 293 K to maintain the pressure of 106.5 
kPa. The samples were heated to the temperature range of 1473–1673 K and cooled to room 
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temperature after reaching each heat treatment temperature. From the TG-DSC result of 
Al/GaN in Fig. 2(c), the starting temperature of Al/GaN substitution reaction was 1323 K. 
However, from Fig. 11, the AlN thickness at 1473 K even for 3 h was very small. Therefore, 
we selected 1473 K as the lowest experimental temperature. On the other hand, the GaN 
decomposition became more aggressive with increasing temperature as shown in Fig. 2 (b). 
Thus, the maximum temperature was selected at 1673 K, but it was applied only for the short-
duration experiments less than 1 h. The heating and cooling rates were held constant at 10 
K/min. The total pressure was kept at 106.5 kPa in the chamber. The holding time was varied 
from 0 to 3 h for 1473 and 1573 K, but only 0 and 1 h for 1623 and 1673 K. 
 
 
Fig. 3.4 Schematic diagram of the substitution method. 
 
3.3.4 Characterization 
The thickness, crystalline quality and cross-sectional image of the AlN layers formed 
between the Al layer and GaN substrate were evaluated around the middle part of the substrates. 
The interface morphology and the bird’s-eye view of the AlN layers were examined using a 
SEM (JEOL JCM-5700). The AlN thickness was evaluated from these images. The 2θ–ω scan 
profile, where 2θ is the diffraction angle between the incident X-ray and the detector, and ω is 
the incident angle between the incident X-ray beam and the sample surface, and the X-ray 
rocking curve (XRC) profile were obtained using an XRD (Bruker, D8 Discover MR). An X-
ray source of Cu-Kα radiation was selected. The XRD system was equipped with two Ge (400) 
crystals in its monochromator and a single-bounce Ge (220) in the analyser. The voltage and 
current in the X-ray cylinder during the XRD measurement were 40 kV and 40 mA. The 2θ–
ω scan was conducted with a step size of 0.05°. The -scan was performed with a 0.1° step 
size where  is a rotational axis normal to the sample surface. 
A TEM (Hitachi High Technologies, H-9000NAR), with an acceleration voltage of 200 kV 
and a magnification accuracy of ±10%, was used to acquire the TEM images and electron 
diffraction patterns. An EDX equipped to the TEM system (Hitachi High-Technologies HD-
2700) was used to carry out the elemental analysis at some points of the sample. The beam 
diameter was approximately 0.2 nm. Before the sample was measured by TEM and EDX, the 
remaining Al on the AlN was removed by wet etching using a 0.1 mol/L HCl aqueous solution 
at 353 K for 3 h, and then, the sample was pre-treated with a thinning process by focused ion 
beam (FIB) apparatus using the μ-sampling method. 
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3.4 Results  
3.4.1 Thermogravimetry–Differential Scanning calorimetry 
Prior to the Al/GaN substitution reaction experiment, the thermal stabilities of metallic Al, single crystalline 
GaN and an Al layer deposited on GaN (Al/GaN) were studied by thermogravimetry–differential scanning 
calorimetry (TG-DSC). Figure 2 shows the TG-DSC profiles of these materials in an Ar atmosphere. Figure 
3.5 (a) shows that the profile of metallic Al was almost parallel to the profile of an empty cell (as a baseline). 
This implied that vaporization of Al is not significant up to 1673 K. However, the GaN profile started to 
exhibit a mass reduction from its baseline at 1473K (as shown by the red dashed line in Fig. 3.5 (b)). This 
implied that the GaN started to dissociate into Ga and nitrogen gas at 1473 K according the following 
reaction: 
 
GaN(s) ⇄ Ga(l) +
1
2
N2(g)      (3) 
 
Meanwhile, The TG-DSC profile of Al/GaN started to show a mass reduction from its baseline at 1323K 
(see the blue dashed line in Fig. 3.5 (c)), 150 K lower than that for the GaN dissociation. If the substitution 
reaction (1) takes place alone, no mass reduction would occur. However, the GaN dissociation reaction (3) 
can take place together with reaction (1) at a lower temperature, because the Ga activity is greatly reduced 




Fig. 3.5 TG-DSC profile of a) metallic Al, b) GaN and c) Al/GaN. 
 
 
3.4.2 Cu Heating Experiment for Equipment Calibration 
The surface morphology of the Cu on c-plane sapphire substrate during heating and keeping is 
shown in fig. 3.6. The initial Cu on c-plane sapphire substrate before heating is shown at 293 
K. The temperature was increased to 1373 K at heating rate of 10 K/min. When heating was 
performed, holes were generated at the temperature of 1023 K or higher. As heating continued, 
the pores widened and the shape of Cu became linear. After 10 minutes holding at 1373 K, the 
all of the linear Cu became spherical. It implies that the Cu melted at its melting temperature 
of 1358 K and the calibration of the heating chamber was successfully accomplished. 
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Fig. 3.6. The surface morphology of Cu upon heating. 293 K 
 
3.4.3 Substitution Reaction Experiment  
3.4.3.1 Al on Ga-polar GaN Heating Experiment 
3.4.3.1.1 Al Wetting 
In fig. 3.7 The Al/GaN was heated to 1673 K and directly cooled to 293 K. The interface 
morphology of Al/GaN during heating shows that the Al melted at its melting point (see fig. 
3.8). The shape of melted Al on GaN is not spherical like Cu on c-plane sapphire substrate at 
1373 K for 10 minutes. The interface morphology of the Al on GaN substrate during heating 




Fig. 3.7. The interface morphology of AlN films. 
 





3.4.3.1.2 Surface morphology 
Fig 3.9 and 3.10 show the Surface images of Al after heat treatment of Al on Ga-polar GaN 
substrate at 1473–1673 K for 0–3 h and 1673 K for 0 and 1 h. They indicate that some Al still 
remain after heat treatment at various conditions. The EDS indicates the dark spots as Al just 
like the other area owing to thick Al layer of 7.5 µm. Fig. 3.11 SEM image of the backside of 
the heat treated Al on Ga-polar GaN substrate after heat treatment at 1473–1573 K for 0–3 h 
and 1673 K for 0–1 h. The thermal etch pits were observed and. They indicate the more GaN 
dissociation as heat treatment temperature and holding time increase. 
 
Fig. 3.9 Surface images of Al after heat treatment of Al on Ga-polar GaN substrate at 1473–1673 K 




Fig. 3.10 Surface images of Al after heat treatment of Al on Ga-polar GaN substrate at 1473–1673 K 
for 0–3 h and 1673 K for 0 and 1 h. 
 
Fig. 3.11 SEM image of the backside of the heat treated Al on Ga-polar GaN substrate after heat 
treatment at 1473–1573 K for 0–3 h and 1673 K for 0–1 h. 
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3.4.3.1.3 Interface morphology 
Cross-sectional SEM image. Figure 3.12 shows the cross-sectional scanning electron 
microscopy (SEM) image of the AlN layer formed on the GaN substrate by the substitution 
reaction: A 7.6-μm-thick Al layer deposited on Ga-polar GaN substrate was annealed in an Ar 
atmosphere for 3 h at 1573 K. The AlN layer had the same crystal orientation with that of the 
GaN substrate, which will be explained by the in-plane crystallographic relationship described 
later. The other cross-sectional SEM image of Al on Ga-polar GaN sample after heat treatment 
of Al on Ga-polar GaN substrate at various conditions are shown in fig 3.13–3.36. 
 
Fig. 3.12 Cross-sectional SEM image of AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1573 K for 3 h. 
 
 
Fig. 3.13 Cross-sectional SEM image of Al on GaN after heat treatment of Al on Ga-polar GaN 
substrate at 1473 K for 0 h. 
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Fig. 3.14 Cross-sectional SEM image of Al on GaN after heat treatment of Al on Ga-polar GaN 
substrate at 1473 K for 1 h. 
 
Fig. 3.15 Cross-sectional SEM image of AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1473 K for 3 h. 
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Fig. 3.16 Cross-sectional SEM image of AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1473 K for 3 h. 
 
Fig. 3.17 Cross-sectional SEM image of AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1473 K for 3 h. 
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Fig. 3.18 Cross-sectional SEM image of AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1473 K for 3 h. 
 
Fig. 3.19 Cross-sectional SEM image of Al on GaN after heat treatment of Al on Ga-polar GaN 
substrate at 1573 K for 0 h. 
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Fig. 3.20 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1573 K for 1 h. 
 
Fig. 3.21 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1573 K for 1 h. 
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Fig. 3.22 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1573 K for 1 h. 
 
Fig. 3.23 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1573 K for 3 h. 
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Fig. 3.24 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1573 K for 3 h. 
 
Fig. 3.25 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1623 K for 0 h. 
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Fig. 3.26 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1623 K for 0 h. 
 
Fig. 3.27 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1623 K for 0 h. 
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Fig. 3.28 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1623 K for 1 h. 
 
Fig. 3.29 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1623 K for 1 h. 
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Fig. 3.30 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1623 K for 1 h. 
 
Fig. 3.31 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1673 K for 0 h. 
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Fig. 3.32 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1673 K for 0 h. 
 
Fig. 3.33 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1673 K for 0 h. 
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Fig. 3.34 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1673 K for 1 h. 
 
Fig. 3.35 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1673 K for 1 h. 
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Fig. 3.36 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on Ga-polar GaN 
substrate at 1673 K for 1 h. 
3.4.3.1.4 Bird’s-eye view SEM-EDS image 
Figure 3.37 shows the bird’s-eye view SEM-EDS image of the Al on GaN substrate heat treated 
at 1573 K for 3 h. A metallic Ga droplet was observed on the Al/GaN sample. The Ga was 
formed by the substitution reaction (1) at the Al/GaN interface, and somehow it moved up to 
the surface of the Al/GaN sample. This is evidence of Ga formation by the substitution reaction. 
The AlN layer was hardly observed at this scale because the AlN thickness was only around 
1.5 µm. 
 
Fig. 3.37 SEM image of a metallic Ga droplet observed above the Al layer after heat treatment of the 
Al/GaN sample at 1573 K for 3 h. 
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3.4.3.1.5 Crystalline orientation  
Fig. 3.38 (a) shows the XRD 2θ–ω scan profiles of the bare GaN substrate and Al/GaN samples 
with and without heat-treatment at 1573 K for 3 h. The profiles show that a c-axis-oriented 
AlN layer was obtained after heat treatment of the Al/GaN sample. The peak position of the 
AlN (0002) at a 2θ value of 36.0° reflections is also shown by the dashed line in Fig. 3.38 (a) 
as a reference. AlN (0002) and GaN (0002) peaks were obtained for the heat-treated Al/GaN 
sample. Figure 3.38 (b) shows the -scans of AlN {10-12} and GaN {10-12} for the heat-
treated Al/GaN substrate. Both AlN {10-12} and GaN {10-12} exhibited 6 peaks, and they 
agreed with each other. From fig. 3.38 (a) and (b), the in-plane crystallographic relationship 
between the AlN layer and GaN substrate is:  
AlN {0002} // GaN {0002}. (4) 
AlN {10-12} // GaN {10-12}. (5) 
Ga peaks were not observed, which implied that the amount of formed Ga was too small to be 
detected by XRD. A certain amount of GaN may dissolve in AlN forming an AlxGa1−xN 
solution, which would cause the blunt peak of AlN (0002). The formation of AlxGa1−xN will 
be described in the cross-sectional transmission electron microscope (TEM) observation 
section. The XRD profiles of the heat-treated Al on Ga-polar GaN substrate at 1473–1573 K for 0–3 
h and 1673 K for 0–1 h together with bare GaN and Al on Ga-polar GaN substrate before heat treatment 




Fig. 3.38 (a) XRD profile of the heat-treated Al/GaN sample at 1573 K for 3 h together with bare GaN 
and Al/GaN samples before heat treatment, (b) φ-scans of AlN {10-12} and GaN {10-12} for the 
Al/GaN sample after heat treatment at 1573 K for 3 h. 
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Fig. 3.39 (a) XRD profiles of the heat-treated Al on Ga-polar GaN substrate at 1473–1573 K for 0–3 h 
and 1673 K for 0–1 h together with bare GaN and Al on Ga-polar GaN substrate before heat treatment. 
3.4.3.1.6 Lattice constant 
Figure 3.40 shows the lattice constant a and c of the AlN layers obtained after heat treatment 
of Al/GaN samples with various heat treatment temperatures and holding times. They were 
calculated using the θ values of the (10-12) and (0002) for the AlN from the 2θ–ω scan of the 
XRD measurement3.2. The lattice constants c of the AlN layers are almost the same with that 
of bulk AlN, but the lattice constants a are slightly larger than that of bulk AlN, and they 
approach that of bulk AlN with holding time.  
 
Fig. 3.40 Lattice constants a and c of the AlN layers obtained after heat treatment of Al/GaN samples 
with various heat treatment temperatures and holding times together with those of bulk AlN. 
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3.4.3.1.7 Residual stress 
Figure 3.41 shows the residual stresses of the AlN layers evaluated from the lattice constants 
presented in Fig. 6. The residual stresses along c-axis are almost zero. However, the residual 
tensile stresses along a-axes exist in the AlN layers and they approach zero with holding time. 
The thermal expansion coefficient along a-axis of GaN (6.2x10-6 K-1)3.3 is smaller than that of 
AlN (6.9 x10-6 K-1)3.4, which may generate tensile stress along a-axis in the AlN layer near the 
AlN/GaN interface during cooling.  
 
Figure 3.41 Residual stresses along the a- and c-axis of the AlN layers obtained after heat treatment of 
Al/GaN samples with various heat treatment temperatures and holding times together with those of 
bulk AlN. 
3.4.3.1.8 XRC Profile of AlN 
Fig. 3.42-3.48 show the XRC profiles of AlN (0002) and (10–12) components of AlN after 
heat treatment of Al on Ga-polar GaN substrate at 1473–1573 K for 0–3 h and 1623–1673 K 
for 0–1 h. 
 
Fig. 3.42 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 
GaN substrate at 1473 K-3 h. 
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Fig. 3.43 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 
GaN substrate at 1573 K-1 h. 
 
Fig. 3.44 a) AlN (0002) and b) (10–12) XRC- profiles of AlN after heat treatment of Al on Ga-polar 
GaN substrate at 1573 K-3 h. 
 
Fig. 3.45 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 




Fig. 3.46 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 
GaN substrate at 1623 K-1 h. 
 
Fig. 3.47 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 
GaN substrate at 1673 K-0 h. 
 
Fig. 3.48 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 




3.4.3.1.9 Crystalline quality of AlN  
Fig. 3.49 shows the XRC-FWHM of AlN (0002) and AlN (10-12) after heat treatment of 
Al/GaN samples with various holding times in the range of 0–3 h at temperatures of 1573–
1673 K. Even though an AlN layer was obtained after heat treatment of Al/GaN at 1473 K for 
3 h, its XRC-FWHM values are not shown owing to its low crystalline quality. The XRC-
FWHM of AlN (10-12) decreased with increasing holding time. The XRC-FWHM values for 
GaN before heat treatment were in the range of 83–124 arcsec for GaN (0002) and 83–108 
arcsec for GaN (10-12). Here, the XRC-FWHM values for the AlN obtained from the 
substitution method were quite large compared with the GaN substrate as a starting material. 
This could be because a certain amount of GaN non-uniformly dissolved in the AlN layer, as 
discussed in the next TEM observation section. The screw- and edge-type dislocations of the 
AlN layers were estimated from the XRC-FWHM3.2 at various heat treatment temperature and 
holding time, which are summarized in Table 3.1. 
 
Fig. 3.49 XRC-FWHM of AlN (0002) and AlN (10-12) after heat treatment of Al/GaN samples with 
various holding times of 0–3 h at temperatures of 1473–1673 K. 
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Table 3.1 Screw and edge dislocation densities in the AlN layers at various heat treatment 
temperatures and holding times together with those in the original GaN substrate estimated 
from XRC-FWHM [N/A means not available]. 
Heat treatment temperature (K) Holding time (h) Screw dislocation, NS (cm-2) Edge dislocation, NE (cm-2) 
1473 0 N/A N/A 
 1 N/A N/A 
 3 N/A N/A 
1573 0 N/A N/A 
 1 6.6×109 2.5×1010 
 3 6.5×109 4.9×109 
1623 0 5.6×109 2.8×1010 
 1 8.1×109 1.0×109 
1673 0 6.4×109 1.9××109 
 1 8.0×109 1.3×1010 
c-plane GaN before heat treatment 1.5×107 2.7××107 
3.4.3.1.10 Cross-sectional TEM observation  
Fig. 3.50 (a) shows the cross-sectional TEM image of the AlN layer obtained after heat 
treatment of an Al/GaN sample at 1573 K for 3 h with an incident beam along GaN [1-100]. 
Thus, the AlN layer and GaN substrate could be clearly seen and distinguished from each other. 
It was observed that the AlN layer had a smooth surface, but the interface between AlN layer 
and GaN substrate was rough. In the AlN layer, some voids were observed (marked by the red-
dashed-circles). The electron diffraction patterns of areas 1, 2, 3 and 4 (marked by the white 
circle) were measured. The Miller’s indices designated in areas 1, 2 and 3 belonged to the 
wurtzite structure of AlN (JCPDS file number 00-025-1133) and those in area 4 belonged to 
the wurtzite structure of GaN (JCPDS file number 00-002-1078). Areas 1 and 2 exhibited the 
same diffraction pattern as AlN; however, area 3 had some extra diffraction patterns in addition 
to the diffraction pattern of AlN. These extra diffraction patterns indicated the formation of a 
solid solution of Al1−xGaxN in area 3 near the interface between AlN and GaN. To investigate 
this further, the AlN section marked by a white square was observed by dark-field-TEM, as 
shown at the bottom-left of Fig. 3.50 (a). It showed the grain consisted of Al, Ga and N, as 
indicated by the energy dispersive X-ray (EDX) spectra of point c shown in Fig. 3.50 (b). This 
several-hundred-nanometre sized Al1−xGaxN grain was formed near the AlN/GaN interface, 
where Al diffused to GaN and partially substituted Ga at the Ga site forming Al1−xGaxN before 
it completely formed AlN.  
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Fig. 3.50 (b) shows the EDX spectra at points a, b, c and d designated in Fig. 3.50 (a). Al and 
N peaks were detected at point a. However, Al and N peaks were detected in addition to a Ga 
peak at points b and c. Thus, Ga non-uniformly distributed in the AlN layer. The N peak 
intensities at points b, c, and d were lower than that at point a. This may imply that nitrogen 
atoms exited in the form of N2 gas, which resulted in some voids. Thus, the formation of N2 
gas may cause the deviation of the TG curve of the Al/GaN sample from the baseline observed 
in Fig. 3.5 (c). The oxygen peak appearing at point b may have originated from contamination 
during the sputtering process of Al layer, and the oxygen was trapped in the AlN layer during 
the heat treatment. Fig. 3.50 (c) shows the concentrations of Al, Ga, N and O atoms in at% at 
points a, b, c and d. The AlN layer contains 6.3 at% O at point b, and 0.5 - 0.6 at% O at other 
points.  
 
Fig. 3.50 a) Cross-sectional TEM image of the AlN layer obtained after heat treatment of Al on a GaN 
substrate at 1573 K for 3 h with an incident beam along GaN [1-100]. The Miller’s indices of AlN and 
GaN are also presented. b) EDX spectra at points a, b, c of the AlN layer and point d of the GaN 
substrate shown in Fig. 3.50 (a). c) Concentrations of Al, Ga, N and O in at% at points a, b c of the AlN 
layer and point d of the GaN substrate shown in Fig. 3.50 (a). 
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3.4.3.1.11 Low temperature heat treatment 
The substitution reaction experiment also conducted by heat treatment of Al on Ga-polar GaN 
substrate at low temperature of 1373 K for 9 h to suppress the GaN dissociation reaction. Fig 
3.51 shows the SEM image of the backside of the heat treated Al on Ga-polar GaN substrate 
after heat treatment of Al on Ga-polar GaN substrate at 1373 K for 9 h, 1473–1573 K for 0–3 
h and 1673 K for 0–1 h. The backside of the heat treated Al on Ga-polar GaN substrate after 
heat treatment of Al on Ga-polar GaN substrate at 1373 K for 9 h shows no thermal etch pits. 
It indicates that the GaN dissociation reaction was successfully suppressed. Then, the XRD 
measurement was accomplished. The result was compared to Al on Ga-polar GaN substrate 
after heat treatment at 1573 K for 3 h. Fig 3.52 shows XRD profiles of the Al on Ga-polar GaN 
substrate after heat treatment at 1373 K for 9 h and 1573 K for 3 h together with bare GaN and 
Al on Ga-polar GaN substrate before heat treatment. Fig 3.53 shows the AlN (0002) XRC 
profile of AlN obtained after heat treatment of Al on Ga-polar GaN substrates at 1373 K-9 h 
(red) and 1573 K-3 h (black). However, the AlN (0002) XRC profile of AlN obtained after 
heat treatment of Al on Ga-polar GaN substrates at 1373 K-9 h was difficult to obtained owing 
to very bad crystalline quality of AlN. This bad crystalline quality of AlN obtained after heat 
treatment of Al on Ga-polar GaN substrates at 1373 K-9 h may owe to the broadening of GaN 
(0002) peak of the GaN substrate in the XRD profile. The broadening of GaN (0002) peak may 
owe to the existence of Al atoms in the GaN structure by substitution reaction. 
 
Fig. 3.51 SEM image of the backside of Al on Ga-polar GaN substrate after heat treatment at 1373 K 
for 9 h, 1473–1573 K for 0–3 h and 1673 K for 0–1 h. 
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Fig. 3.52 XRD profiles of the Al on Ga-polar GaN substrate after heat treatment at 1373 K for 9 h and 
1573 K for 3 h together with bare GaN and Al on Ga-polar GaN substrate before heat treatment. 
 
Fig. 3.53 AlN (0002) XRC profile of AlN obtained after heat treatment of Al on Ga-polar GaN 
substrates at 1373 K-9 h (red) and 1573 K-3 h (black). 
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3.4.3.2 Al on N-polar GaN Heating Experiment 
3.4.3.2.1 Surface morphology 
Fig 3.54 and 3.55 show the Surface images of Al after heat treatment of Al on Ga-polar GaN 
substrate at 1473–1673 K for 0–3 h and 1673 K for 0 and 1 h. They indicate that some Al still 
remain after heat treatment at various conditions. The EDS indicates the dark spots as Al just 
like the other area owing to thick Al layer of 7.5 µm. Fig. 3.56 SEM image of the backside of 
the heat treated Al on Ga-polar GaN substrate after heat treatment at 1473–1573 K for 0–3 h 
and 1673 K for 0–1 h. The thermal etch pits were observed and. They indicate the more GaN 
dissociation as heat treatment temperature and holding time increase. 
 
 
Fig. 3.54 Surface images of Al after heat treatment of Al on N-polar GaN substrate at 1473–1673 K 





Fig. 3.55 Surface images of Al after heat treatment of Al on N-polar GaN substrate at 1473–1673 K 
for 0–3 h and 1673 K for 0 and 1 h. 
 
Fig. 3.56 SEM image of the backside of the heat treated Al on N-polar GaN substrate after heat 
treatment at 1473–1573 K for 0–3 h and 1673 K for 0–1 h. 
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3.4.3.2.2 Interface morphology 
The cross-sectional SEM images of heat treated Al on N-polar GaN sample after heat treatment 
of Al on N-polar GaN substrate at various conditions are shown in fig 3.57–3.69.  
 
Fig. 3.57 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 




Fig. 3.58 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1473 K for 1 h. 
 
Fig. 3.59 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1473 K for 3 h. 
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Fig. 3.60 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1473 K for 3 h. 
 
Fig. 3.61 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1473 K for 3 h. 
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Fig. 3.62 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1473 K for 3 h. 
 
Fig. 3.63 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1573 K for 1 h. 
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Fig. 3.64 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1573 K for 1 h. 
 
Fig. 3.65 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1573 K for 3 h. 
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Fig. 3.66 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1573 K for 3 h. 
 
Fig. 3.67 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1573 K for 3 h. 
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Fig. 3.68 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1673 K for 0 h. 
 
Fig. 3.69 Cross-sectional SEM image of the AlN obtained after heat treatment of Al on N-polar GaN 
sample at 1673 K for 0 h. 
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3.4.3.2.3 Crystalline orientation 
 
Fig. 3.70 Crystalline orientation of heat treated sample Al on Ga and N-polar GaN at 1473 K-0–3 h. 
At 1473 K, c-axis oriented AlN was started to form with 1 h holding time on N-polar GaN, 
while with 3 h on Ga-polar GaN (see fig. 3.70). At low temperature, this may be caused by the 





Fig. 3.71 Crystalline orientation of heat treated sample Al on Ga and N-polar GaN at 1573 K-0–3 h. 
 
c-axis oriented AlN was started to form at 1573 K with 1 h holding time both on N-polar GaN 
and on Ga-polar GaN as shown in fig. 3.71. 
159 
 
Fig. 3.72 Crystalline orientation of heat treated sample Al on Ga and N-polar GaN at 1673 K-0–1 h. 
 
In fig. 3.72, c-axis oriented AlN was started to form at 1673 K-0 h on N-polar GaN, but there 
was no AlN observed at 1673 K-1 h that may owe to the more aggressive GaN dissociation on 
less stable structure of N-polar than that of Ga-polar GaN substrate. 
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3.4.3.2.4 lattice constants 
 
Fig. 3.73. Lattice constants a and c of heat treated sample Al on Ga and N-polar GaN. 
 
The lattice constants c of the AlN on N-polar GaN are almost the same with that Ga-polar GaN 
(fig 3.73). But, the lattice constants a are slightly smaller than that of bulk AlN, and they 
approach that of bulk AlN with holding time.  
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3.4.3.2.5 Residual Stress 
 
Fig. 3.74 Residual stresses of heat treated sample Al on Ga and N-polar GaN along a and c-axis. 
 
In fig 3.74, the residual stresses along c-axis are almost zero. However, the residual 





3.4.3.2.6 XRC Profile of AlN 
Fig. 3.75-3.79 show the XRC profiles of AlN (0002) and (10–12) components of AlN after 
heat treatment of Al on Ga-polar GaN substrate at 1473–1573 K for 1–3 h and 1673 K for 0 h. 
 
Fig. 3.75 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on N-polar 
GaN substrate at 1473 K-1 h. 
 
Fig. 3.76 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on N-polar 




Fig. 3.77 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 
(red) and on N-polar (blue) GaN substrates at 1573 K-1 h. 
 
Fig. 3.78 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 
(red) and on N-polar (blue) GaN substrates at 1573 K-3 h.  
 
Fig. 3.79 a) AlN (0002) and b) (10–12) XRC profiles of AlN after heat treatment of Al on Ga-polar 
(red) and on N-polar (blue) GaN substrates at 1673 K-0 h. 
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3.4.3.2.7 Crystalline Quality 
The crystalline quality of AlN on N-polar GaN substrate after heat treatment at 1573 K-3 h is 
low compared to that on Ga-polar GaN substrate (see fig 3.80). The screw and edge dislocation 
densities are estimated and presented in table 3.2.  
 
 
Fig. 3.80 Residual stresses of heat treated sample Al on Ga and N-polar GaN along a and c-axis. 
Table 3.2 Screw and edge dislocation densities in the AlN layers at various heat treatment 
temperatures and holding times together with those in the original GaN substrate estimated 





Screw dislocation, NS 
(cm-2) 
Edge dislocation, NE 
(cm-2) 
1473 0 N/A N/A 
 1 6.4×109 2.2×1010 
 3 1.1×1010 1.8×1010 
1573 0 N/A N/A 
 1 1.7×1010 2.3×108 
 3 1.5×1010 1.3×1010 
1673 0 5.4×109 4.3×1010 
 1 N/A N/A 




3.5.1 Growth model of substitution reaction method 
The growth model of the Al/GaN substitution reaction method is proposed as follows. Initially, 
Al reacts directly with GaN forming an AlN layer at the Al/GaN interface. A subsequent 
reaction occurs through the mass diffusion in the AlN layer. Figure 3.81 shows the growth 
model of an AlN layer in the Al/AlN/GaN structure. There are two interfaces: the Al/AlN and 
AlN/GaN interfaces. At the Al/AlN interface, metallic Al is oxidized to be Al3+, then it diffuses 
in the AlN layer towards the AlN/GaN interface. At the AlN/GaN interface, the Al3+ 
substitutionally reacts with GaN forming AlN and Ga3+. The Ga3+ then diffuses towards the 
Al/AlN interface, and it is reduced to be metallic Ga by the reaction with three electrons. The 
growth model is summarized as follows,  
At the Al/AlN interface: 
Al ⇄ Al3+ + 3e−  (6) 
Ga3+ + 3e− ⇄ Ga  (7) 
The total reaction at the Al/AlN interface is given by 
Al + Ga3+ ⇄ Al3+ + Ga  (8) 
At the AlN/GaN interface: 
Al3+ + GaN ⇄ AlN + Ga3+  (9) 
The overall reaction is given by the sum of reactions (6)–(9) 
Al + GaN ⇄ AlN + Ga  (10) 
The growth rate of AlN can be controlled by either interfacial reactions or interdiffusion. 
Assuming the interfacial reaction rates are much faster than interdiffusion, the growth rate is 




Figure 3.81 Growth model of AlN in the Al/AlN/GaN structure. 
3.5.2 Kinetics of AlN growth 
3.5.2.1 Al on Ga-polar GaN Heating Experiment 
Figure 3.82 (a) shows the holding time dependence of the AlN thicknesses after heat treatment 
of the Al/GaN samples at 1473–1673 K. Here, the AlN thickness was measured from the cross-
sectional SEM images.  
There was no AlN layer formed at zero holding time at 1473 and 1573 K. This implied that the 
substitution reaction proceeds at a slow rate and needs time to form the AlN below 1673 K. 
The temperature effect on the thickness of AlN is difficult to observe because GaN 
decomposition is more aggressive in high temperatures (1623 and 1673 K) and affects the AlN 
thickness. The longer the holding time leads to the thicker AlN film. Assuming the parabolic 
rate law, Fig. 3.82 (a) was revised as Fig. 3.82 (b). The parabolic rate constant kp’ (m
2/h) is 
given by the following equation, 
x2 = 2 kp’ t (11) 
Here, x (m) is the AlN thickness and t (h) is the holding time. The Arrhenius plot is shown in 
Fig. 3.82 (c). The activation energy was calculated from the slope of the Arrhenius plot to be 
121 ± 66 kJ/mol. The uncertainty is large owing to non-uniform AlN thickness after heat 
treatment of Al/GaN at temperatures of 1623 and 1673 K. Ivan et al. compared studied the 
diffusion of Al in AlN and Ga in AlN. In their paper, they define the thermal energy activation 
is a total of energy migration barrier that and energy of cathion vacancy formation. Because 
the Al and Ga atoms interdiffuse in the same AlN layer, the formation energy of Al vacancy 
in AlN is neglected and only use the energy migration barrier of cathion in AlN for comparison. 
The energy migration barrier of Al in AlN is 2.33 eV (225 kJ/mol). The energy migration 
barrier of Ga in AlN is 1.74 eV (168 kJ/mol). The activation energy in this study is close to the 




Fig. 3.82 (a) Holding time dependence of the AlN thicknesses after heat treatment of the Al/GaN 
samples at 1473–1673 K. Error bars show the standard deviation of the AlN thickness. (b) Relation 
between square of the AlN thickness and holding time, and (c) Arrhenius plot of the AlN growth by the 
substitution reaction method. 
3.5.2.2 Al on N-polar GaN Heating Experiment 
The AlN thicknesses after heat treated Al on N-polar GaN substrates were measured and 
compared with that on the Ga-polar GaN. In fig. 3.83, the AlN thickness on N-polar GaN 
substrate is higher than that on Ga-polar GaN substrate at low temperature (1473 K for for 1 
and 3 h and 1573 K for 1 and 3 h). However, the AlN thickness was same with that of Ga-polar 
GaN at 1673 K-0 h. Then, the Arrhenius plot was created with the same manner with Al on 
Ga-polar GaN substrate heating experiment. The activation energy for substitution reaction of 




Figure 3.83 (a) Effect of polarity of GaN substrate on the AlN thicknesses after heat treatment of the 
Al/GaN samples at 1473–1673 K for 0–3 h. Error bars show the standard deviation of the AlN thickness. 
(b) Relation between square of the AlN thickness and holding time, and (c) Arrhenius plot of the AlN 




3.5.3 Effect of polarity of GaN substrate on AlN formation 
 
Figure 3.84 The schematic diagram of GaN with the wurtzite structure in the Ga-polar and N-polar 
GaN. 
 
Fig. 3.85 The schematic of Al substitution in tetrahedral structure of GaN wurtzite structure. 
Fig 3.84 shows The schematic diagram of GaN with the wurtzite structure in the Ga-polar and 
N-polar GaN. Fig. 3.85 shows the schematic of Al substitution in tetrahedral structure of GaN 
wurtzite structure. The substitution of Ga of Ga-polar GaN substrate is difficult because it has 
3 underlying backbonds with N atoms. Meanwhile, the topmost Ga atom of N-polar GaN 
substrate combines with only one N atom.3.10 Thus, the activation energy of N-polar GaN is 40 




In this study, the effect of temperature and holding time of heat treatment in substitution 
reaction method on the residual tensile stress and crystalline quality of the AlN was 
investigated. The substitution method consists of an Al deposition process on a GaN substrate 
by a pulsed dc sputtering technique and heat treatment process. The substitution reaction Al (l) 
+ GaN (s) ⇄ AlN (s) + Ga (l) is proceeded by heat treatment of the Al on GaN substrate, which 
provides a low temperature, simple and easy process. The starting GaN dissociation reaction 
GaN(s)⇄Ga(l)+1/2 N2 and substitution reaction temperatures were investigated by TG-DSC 
prior to the substitution reaction experiment. The starting GaN dissociation temperature was 
1473 K, while the starting substitution reaction temperature was 1323 K. Moreover, the 
vaporization of Al is not significant during the substitution reaction. Temperature was choosen 
at 1473–1673 K owing to slow substitution reaction at 1323 K and aggressive GaN dissociation 
above 1673 K. The effect of polarity (Ga and N-polar) of GaN substrates on residual stress and 
crystalline quality of AlN is also investigated. C-axis-oriented AlN layers are formed at the 
Al/GaN interface after heat treatment of the Al on Ga- and N-polar GaN substrates at some 
conditions of 1473–1573 K for 0–3 h and 1673 K for 0–1 h. After heat treatment of the Al on 
Ga- and N-polar GaN substrates, the residual stress of obtained AlN along c-axis is almost 0 
GPa, while the residual stress along a-axis after heat treatment is relaxed as the heat treatment 
holding time increase. By using Ga-polar GaN substrate, the heat treatment temperature and 
holding time were optimized at 1573 K for 3 h with the crystalline quality of 1728 arcsec of 
AlN (0002) XRC-FWHM and 1966 arcsec of AlN (10-12) XRC-FWHM and the AlN thickness 
of 1.43 µm (AlN growth rate was 0.48 µm/h). However, the crystalline quality of AlN still low 
compared to GaN substrate with GaN (0002) and GaN (10–12) XRC-FWHM values of 100 
arcsec owing to existence of voids and Al1−xGaxN grains in AlN. Voids formed owing to N2 
gas from GaN dissociation. To avoid voids caused by N2 gas from GaN dissociation, the 
substitution reaction experiment also conducted by heat treatment of Al on Ga-polar GaN 
substrate at low temperature of 1373 K for 9 h. The backside of the heat treated Al on Ga-polar 
GaN substrate after heat treatment of Al on Ga-polar GaN substrate at 1373 K for 9 h shows 
no thermal etch pits. It indicates that the GaN dissociation reaction was successfully suppressed. 
The AlN (0002) peak was observed in XRD 2θ–ω scan profiles after heat treatment of Al on 
Ga-polar GaN substrates at 1373 K-9. However, the AlN (0002) XRC profile of AlN obtained 
after heat treatment of Al on Ga-polar GaN substrates at 1373 K-9 h was difficult to obtained 
owing to very bad crystalline quality of AlN. This bad crystalline quality of AlN obtained after 
heat treatment of Al on Ga-polar GaN substrates at 1373 K-9 h may owe to the broadening of 
GaN (0002) peak of the GaN substrate in the XRD profile. The broadening of GaN (0002) 
peak may owe to the existence of Al atoms in the GaN structure by substitution reaction. The 
AlN thickness increased as the temperature increases owing to more thermal energy leads to 
more complete substitution reaction. However, the GaN dissociation reaction also proceed at 
high temperature. A longer holding time leads to an increase in the thickness of the AlN layer. 
The activation energy of substitution reaction of Al on Ga-polar GaN is 121±66 kJ/mol. The 
uncertainty is large owing to non-uniform AlN thickness after heat treatment of Al on Ga polar 
GaN substrate at temperatures of 1623 and 1673 K. In the case of using N-polar GaN substrate, 
the typical c-axis-oriented AlN were also formed at the Al/GaN interface after heat treatment 
at some condition of 1473–1573 K for 0–3 h and 1673 K for 0–1 h. However, after heat 
treatment of Al on N-polar GaN substrate at 1673 K for 1 h, the AlN (0002) peak is hardly 
observed in the XRD 2θ–ω scan profile. These may owe to the GaN dissociation take place 
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more significantly than substitution reaction at that condition. After heat treatment of Al on N-
polar GaN substrate, the residual stress of obtained AlN along c-axis is almost 0 GPa, while 
the residual stress along a-axis after heat treatment is relaxed as the heat treatment holding 
time increase. The AlN thickness on N-polar GaN substrate is higher than that on Ga-polar 
GaN substrate at low temperatures (1473 K for for 1 and 3 h and 1573 K for 1 and 3 h). 
However, the AlN thickness was same with that of Ga-polar GaN at 1673 K-0 h. The activation 
energy of N-polar GaN is 40 kJ/mol lower than that of Ga-polar GaN because the topmost Ga 
atom of N-polar GaN substrate combines with only one N atom. Meanwhile, the substitution 
of Ga of Ga-polar GaN substrate is difficult, since it has 3 underlying backbonds with N atoms. 
More thermal energy let the GaN dissociation more aggressive in N-polar GaN owing to less 
stable GaN structure. Therefore, the AlN thickness was same with that of Ga-polar GaN at 
1673 K-0 h and the AlN (0002) peak is hardly observed in its XRD 2θ–ω scan profile after 
heat treatment of Al on N-polar GaN substrate at 1673 K for 1 h. The influencing factors in 
substitution reaction method are: 1. Al wetting on GaN substrate, 2. the substitution reaction 
Al (l) + GaN (s) ⇄ AlN (s) + Ga (l), 3. the GaN dissociation GaN(s)⇄Ga(l)+1/2 N2 (g), and 4. 
mass transport.  
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Chapter 4 Conclusion 
Chapter 1 explain the background of the studies. UV-LED and GaN HEMT have wide range 
appliations. Aluminium nitride (AlN) is a promising material for use as a substrate for AlGaN 
based UV-LED and AlGaN HEMT owing to its wide bandgap (6.0 eV), low lattice mismatch 
with AlGaN, and high Baliga figure of merit (BFOM) relative to Si. High crystalline quality 
of AlN is beneficial for good epitaxial growth of AlGaN to improve the performances of UV-
LED and AlGaN HEMT. AlN can be fabricated in two forms: AlN film and AlN bulk.  
AlN film is often fabricated on sapphire because sapphire is widely available. However, the 
critical issue of fabricating AlN on sapphire is the low crystalline quality of AlN owing to 
lattice mismatch between AlN and sapphire. Another issue is residual stress in AlN owing to 
different thermal expansion coefficient of AlN and sapphire generated during substrate cooling 
from high temperature. For example, excessive residual compressive stress leads to the 
exfoliation of AlN from sapphire substrate. Thus, low AlN growth temperature is desirable. 
Among fabrication methods of AlN film on sapphire, sputtering is advantageous because it is 
often accomplished at low temperatures. In sputtering, RF reactive sputtering has low AlN 
growth rate. DC reactive sputtering offer higher AlN growth rate than that using RF reactive 
sputtering. However, in DC reactive sputtering, arcing (abnormal electric discharge) often 
occurs and leads to low AlN growth rate. Pulsed DC reactive sputtering offer high AlN growth 
rate (3.6 µm/h can be achieved) among the sputtering techniques. However, the improvement 
of crystalline qualities of AlN is still required in pulsed DC reactive sputtering technique. For 
those reasons, the pulsed DC reactive sputtering method is being studied in chapter 2. Compare 
to AlN fabrication methods (MOVPE for instance), pulsed DC reactive sputtering offer low 
AlN growth temperature, high growth rate, and simple Al and nitrogen starting materials. 10 
nm-thick N-polar AlN has been obtained by “sapphire nitridation” method in our laboratory. 
However, Al-polar AlN has high growth rate and smooth surface. The motivation of this study 
are to obtain the Al-polar AlN which has high AlN growth rate by pulsed DC reactive 
sputtering by polarity inversion of the N-polar AlN from “sapphire nitridation” method 
developed in our laboratory. In RF sputtering method studied by Vashaei et al., the crystalline 
quality of AlN increased as nitrogen concentration increases. However, to our best knowledge, 
the effect of the oxygen partial pressure on the crystalline quality of AlN films in pulsed DC 
reactive sputtering technique has not been known yet. The other motivation is to improve the 
crystalline quality of AlN by modification of oxygen partial pressure. The effect of oxygen 
partial pressure on the polarity and crystalline quality of AlN films deposited by pulsed DC 
reactive sputtering is investigated in chapter 2 in this study.  
PVT method that usually conducted around 2373 K that may generate cracks and thermal etch 
pits owing to high tensile residual stress exist in AlN caused by thermal expansion coefficient 
different between AlN and Si substrate. Compare to PVT method, substitution method offers 
low AlN growth temperature at near 1573 K (800 K different with that of PVT method), simple 
(no need AlN source preparation at high temperature as in PVT method), and easy process 
(only pulsed DC reactive sputtering for Al deposition on GaN substrate at 298 K and heat 
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treatment). The motivation of this study is to develop low temperature AlN bulk fabrication 
method to obtain high crystalline quality AlN with low residual tensile stress to prevent cracks 
and thermal etch pits. The other motivation is to easily fabricate a scarce and difficult process 
of AlN using mature, well developed and commercially available GaN substrate. To obtain 
thick AlN film, long holding time is needed. The effect of temperature and holding time of 
heat treatment in substitution reaction are still unknown.  The effect of temperature and holding 
time of heat treatment in substitution reaction method on the residual tensile stress and 
crystalline quality of the AlN is investigated in chapter 3 in this study. 
In chapter 2, the effect of oxygen partial pressure modification on surface morphology, residual 
stress, crystalline quality, and polarity of AlN films deposited by pulsed DC reactive sputtering 
was investigated. The c-axis oriented AlN films were grown on the nitrided a-plane sapphire 
substrates homoepitaxially at oxygen partial pressures of 5.0×10-10 - 9.4×103 Pa. The oxygen 
partial pressure affected the crystalline quality and residual stress of sputtered AlN films due 
to due to the polarity inversion from nitrogen (-c)-polar to aluminum (+c)-polar AlN by 
sputtering at high oxygen partial pressure of 9.4×103 Pa. In addition, the different of the number 
of Ar atoms in the mixture gases leads to different number and the energy of sputtered Al atoms 
when sputtering. The surface morphology of AlN film sputtered at oxygen partial pressure of 
9.4×103 Pa had a smooth surface and independent from the surface morphology of the nitrided 
sapphire. The crystalline quality was affected by the polarity of AlN film. Although lattice 
misfit increased when sputtered at the highest oxygen partial pressure of 9.4×103Pa, the 
crystalline quality increased owing to polarity inversion from nitrogen (-c)-polar to aluminum 
(+c)-polar AlN. The polarity of AlN film sputtered at oxygen partial pressure of 9.4×103 Pa 
was independent with the thickness of AlN film. However, the residual stress was changed 
with increasing the thickness of AlN films owing to "peening effect" (the bombardment of 
atom to the surface of growing AlN film) during sputtering. AlN with thickness of 1300 had 
high compressive residual stress in in-plane direction. AlN with the thickness of 1300 nm has 
2 layers: upper and bottom layer. Bottom layer part is single crystal AlN and contain high 
residual stress. The upper layer is polycrystalline AlN.  The crystalline quality was also 
changed with increasing the thickness of AlN films owing to different atoms rearrangement.  
For the 200 nm-thick AlN film sputtered at the high PO2, the full width at half-maximum values 
of the AlN (0002) and (10–12) X-ray diffraction rocking curves were 47 and 637 arcsec, 
respectively. Based on the XRC-FWHM, the screw and edge dislocation densities of the 200 
nm-thick AlN film sputtered at the highest PO2 were estimated to be 4.8×10
6 and 2.3×109 cm-
2, respectively. The Sq values for the 200 and 300 nm-thick AlN films sputtered at the highest 
PO2 were 0.92 and 1.20 nm, respectively. These values were smaller than that of the 1300 nm-
thick AlN film sputtered at the same PO2 (Sq = 1.80 nm). The etching behaviors of 200 and 
300 nm-thick AlN films sputtered at highest PO2 were the same with that of the 1300 nm-thick 
film, which indicated aluminum (+c) polar AlN. The 200 and 300 nmthick AlN films had no 
AlN islands (which may indicate the 2D growth mode) and no polycrystalline part, but still 
exhibited some residual stresses along the a- and c-axes of the AlN. The best crystalline quality 
of AlN films after annealing was achieved at 1923 K.  Below 1923 K, there were not enough 
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energy to let atoms in AlN film diffuse and rearrange themselves. At 1973 K, there was too 
high energy to release residual stress that leads to dislocation generation. In addition, at 1973 
K the γ-AlON was formed. Face to face annealing effect was not significant in improving the 
crystalline quality of AlN film in this study. Aluminum insertion layer improved the crystalline 
quality of twist component of AlN sputtered film after annealing owing to AlN become easier 
to move in in-plane direction during annealing. The aluminum layer act as the "wetting" agent 
that has metallic bond which is weaker than ionic bond ceramic that let the twist component 
rotate easier during annealing. However, after annealing, both of tilt and twist component 
values were higher than those without aluminum layer owing to higher surface roughness of 
AlN films with Al insertion layer before annealing. The crystalline quality of AlN on aluminum 
layer on an a-plane sapphire after annealing were almost constant while those on c-plane 
sapphire had better crystalline quality when sputtered with 5 min deposition of aluminum 
insertion layer and worse crystalline quality when sputtered with 25 min deposition of 
aluminum insertion layer owing to different in-plane crystallographic relationship between 
sapphire and AlN. The different in-plane crystallographic leads to different high residual 
"compressive" stress in in-plane direction by thermal in-plane strain from sapphire along c-
axis of sapphire direction. AlN on a-plane sapphire anisotropic lattice constant a that leads to 
higher "compressive" stress in in-plane direction than those of c-plane sapphire. 
In chapter 3, the effect of temperature and holding time of heat treatment in substitution 
reaction method on the residual tensile stress and crystalline quality of the AlN was 
investigated. The substitution method consists of an Al deposition process on a GaN substrate 
by a pulsed dc sputtering technique and heat treatment process. The substitution reaction Al (l) 
+ GaN (s) ⇄ AlN (s) + Ga (l) is proceeded by heat treatment of the Al on GaN substrate, which 
provides a low temperature, simple and easy process. The starting GaN dissociation reaction 
GaN(s)⇄Ga(l)+1/2 N2 and substitution reaction temperatures were investigated by TG-DSC 
prior to the substitution reaction experiment. The starting GaN dissociation temperature was 
1473 K, while the starting substitution reaction temperature was 1323 K. Moreover, the 
vaporization of Al is not significant during the substitution reaction. Temperature was choosen 
at 1473–1673 K owing to slow substitution reaction at 1323 K and aggressive GaN dissociation 
above 1673 K. The effect of polarity (Ga and N-polar) of GaN substrates on residual stress and 
crystalline quality of AlN is also investigated. C-axis-oriented AlN layers are formed at the 
Al/GaN interface after heat treatment of the Al on Ga- and N-polar GaN substrates at some 
conditions of 1473–1573 K for 0–3 h and 1673 K for 0–1 h. After heat treatment of the Al on 
Ga- and N-polar GaN substrates, the residual stress of obtained AlN along c-axis is almost 0 
GPa, while the residual stress along a-axis after heat treatment is relaxed as the heat treatment 
holding time increase. By using Ga-polar GaN substrate, the heat treatment temperature and 
holding time were optimized at 1573 K for 3 h with the crystalline quality of 1728 arcsec of 
AlN (0002) XRC-FWHM and 1966 arcsec of AlN (10-12) XRC-FWHM and the AlN thickness 
of 1.43 µm (AlN growth rate was 0.48 µm/h). However, the crystalline quality of AlN still low 
compared to GaN substrate with GaN (0002) and GaN (10–12) XRC-FWHM values of 100 
arcsec owing to existence of voids and Al1−xGaxN grains in AlN. Voids formed owing to N2 
gas from GaN dissociation. To avoid voids caused by N2 gas from GaN dissociation, the 
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substitution reaction experiment also conducted by heat treatment of Al on Ga-polar GaN 
substrate at low temperature of 1373 K for 9 h. The backside of the heat treated Al on Ga-polar 
GaN substrate after heat treatment of Al on Ga-polar GaN substrate at 1373 K for 9 h shows 
no thermal etch pits. It indicates that the GaN dissociation reaction was successfully suppressed. 
The AlN (0002) peak was observed in XRD 2θ–ω scan profiles after heat treatment of Al on 
Ga-polar GaN substrates at 1373 K-9. However, the AlN (0002) XRC profile of AlN obtained 
after heat treatment of Al on Ga-polar GaN substrates at 1373 K-9 h was difficult to obtained 
owing to very bad crystalline quality of AlN. This bad crystalline quality of AlN obtained after 
heat treatment of Al on Ga-polar GaN substrates at 1373 K-9 h may owe to the broadening of 
GaN (0002) peak of the GaN substrate in the XRD profile. The broadening of GaN (0002) 
peak may owe to the existence of Al atoms in the GaN structure by substitution reaction. The 
AlN thickness increased as the temperature increases owing to more thermal energy leads to 
more complete substitution reaction. However, the GaN dissociation reaction also proceed at 
high temperature. A longer holding time leads to an increase in the thickness of the AlN layer. 
The activation energy of substitution reaction of Al on Ga-polar GaN is 121±66 kJ/mol. The 
uncertainty is large owing to non-uniform AlN thickness after heat treatment of Al on Ga polar 
GaN substrate at temperatures of 1623 and 1673 K. In the case of using N-polar GaN substrate, 
the typical c-axis-oriented AlN were also formed at the Al/GaN interface after heat treatment 
at some condition of 1473–1573 K for 0–3 h and 1673 K for 0–1 h. However, after heat 
treatment of Al on N-polar GaN substrate at 1673 K for 1 h, the AlN (0002) peak is hardly 
observed in the XRD 2θ–ω scan profile. These may owe to the GaN dissociation take place 
more significantly than substitution reaction at that condition. After heat treatment of Al on N-
polar GaN substrate, the residual stress of obtained AlN along c-axis is almost 0 GPa, while 
the residual stress along a-axis after heat treatment is relaxed as the heat treatment holding 
time increase. The AlN thickness on N-polar GaN substrate is higher than that on Ga-polar 
GaN substrate at low temperatures (1473 K for for 1 and 3 h and 1573 K for 1 and 3 h). 
However, the AlN thickness was same with that of Ga-polar GaN at 1673 K-0 h. The activation 
energy of N-polar GaN is 40 kJ/mol lower than that of Ga-polar GaN because the topmost Ga 
atom of N-polar GaN substrate combines with only one N atom. Meanwhile, the substitution 
of Ga of Ga-polar GaN substrate is difficult, since it has 3 underlying backbonds with N atoms. 
More thermal energy let the GaN dissociation more aggressive in N-polar GaN owing to less 
stable GaN structure. Therefore, the AlN thickness was same with that of Ga-polar GaN at 
1673 K-0 h and the AlN (0002) peak is hardly observed in its XRD 2θ–ω scan profile after 
heat treatment of Al on N-polar GaN substrate at 1673 K for 1 h. The influencing factors in 
substitution reaction method are: 1. Al wetting on GaN substrate, 2. the substitution reaction 
Al (l) + GaN (s) ⇄ AlN (s) + Ga (l), 3. the GaN dissociation GaN(s)⇄Ga(l)+1/2 N2 (g), and 4. 
mass transport.  
In pulsed DC sputtering method, the improvement of crystalline quality of AlN was 
successfully done by fabricating 200 nm-thick AlN film sputtered at the highest PO2 with AlN 
(0002) and (10–12) X-ray diffraction rocking curves were 47 and 637 arcsec, respectively. 
Based on the XRC-FWHM, the screw and edge dislocation densities of the 200 nm-thick AlN 
film sputtered at the highest PO2 were estimated to be 4.8×10
6 and 2.3×109 cm-2. The AlN film 
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still has some compressive residual stress of 7 GPa along a-axis and tensile residual stress of 
6 GPa along c-axis. However, the oxygen and carbon concentrations deposited at the highest 
oxygen partial pressure of 9.4×103 Pa were 4.0×1022 and 2.5×1021 atoms/cm3, respectively. 
This may inhibit the utilization of this AlN for AlGaN based UV-LED application. The 
potential application is it can be used as AlN substrate for homoepitaxial growth of AlN at low 
temperature around 823 K. 
In substitution method, the heat treatment temperature and holding time were optimized at 
1573 K for 3 h using Ga-polar GaN substrate. The AlN crystalline qualities after heat treatment 
of Al on Ga-polar GaN substrate were 1728 arcsec of AlN (0002) XRC-FWHM and 1966 
arcsec of AlN (10-12) XRC-FWHM. Based on the XRC-FWHM, the screw and edge 
dislocation densities were estimated to be 6.5×109 and 4.9×109 cm-2. The AlN has almost no 
residual stress along a- and c-axes. Compare to PVT method, substitution method offers low 
AlN growth temperature at near 1573 K (800 K different with that of PVT method), simple 
(no need AlN source preparation at high temperature as in PVT method), and easy process 
(only pulsed DC reactive sputtering for Al deposition on GaN substrate at 298 K and heat 
treatment). The low AlN growth temperature of substitution method, which is 800 K lower 
than the typical temperature of PVT method, may prevent the cracks and thermal pits in the 
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